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In 1888 Dr. Fock published the little treatise entitled 
Eivleitung in die chemische K}'y8tallogmphiey in which 
he summarised the results of recent investigation and 
the views deduced from them on the subject of crystal- 
growth in its relation to some chemical pix)blema : and 
in the present small volume this admirable summary has 
been enlarged by additions necessitated by the advances 
made in this important subject since 1888. The form of 
brief chapters into which the discussion is thrown, 
chapters each devoted to the exposition of a single idea, 
invests Dr. Fock's little book with a singularly readable 
, character, and its translation by Mr. Pope will have 
brought it within the reach of University and other 
students, to the majority of whom its original Qernian 
dress would present considerable, if not insuporablo, 
difficulties. 

The broad divisions of the subject fall under the follow- 
ing heads : — 

(i) Crystal growth, in the discussion of which duo 
importance is given to the extensive and laborious in- 
vestigations of Lehmann. 
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viii Preface 

(2) The laws controlling the equilibrium between the 
elements of a solution at different pressures and tem- 
peratures ; those elements, when we consider the pressure 
as constant, being the solution and crystal-solid, the 
former of which may be considered as consisting of the 
solvent and what for lack of a much-needed term I may 
call the solute (namely the substance or substances 
dissolved). 

(3) Salts containing water of crystallization, double 
salts, and isomorphous substances are treated each in its 
turn ; and the final chapters deal (4) with both physically 
isomeric and isogonous substances and with the crystal- 
lographic changes attending the substitution of one radicle 
or element by another. 

A fi'eshness of interest is imparted to each of the larger 
subjects by a concise but suflScient survey of the historical 
growth of the ideas involved in them : for frequently 
whilst tracking the steps by which a scientific idea has 
become confirmed or corrected by the progress of collateral 
investigations during more than one generation of 
workers, we best learn to appreciate the grounds on 
which contemporary theories rest. 

Perhaps the most important of the chapters in this 
edition of the Einleitung^ are those which deal with 
the subjects I have grouped under the third division 
— namely salts containing water of crystallization ; 
double salts ; mixed crystals and isomorphous sub- 
stances. 

It is unnecessary to recapitulate the conclusions 
logically drawn under these several heads ; the methods 
adopted for treating them being in many respects 
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analogous throughout and amply discussed in the pages 
that deal with them. 

These methods are founded on the laws controlling the 
equilibrium of a solution, as between the solvent, the 
solute or solutes, and the undissolved crystal or crystals 
under varying conditions of temperature, and, where not 
in open vessels, of pressure, and involve a study of the 
accompanying variations in ' osmotic ' pressure. The 
analogies between the laws of Boyle and Gay Lussac, and 
(as shown by van 't Hoff) of Avogadro regulating gases 
and those governing dilute solutions, are extended to 
corresponding analogies between saturated solutions and 
saturated vapours ; we have further the fertile suggestion 
on the part of van't Hoff, that isomorphous mixtures are, 
at all events in certain cases, solid solutions of one sub- 
stance in another. By a consideration of the laws of 
equiUbrium in a solution under varying conditions defined 
by the phase-rules which have been deduced from thermo- 
dynamical principles by Willard Gibbs, Dr. Fock in his 
seventh chapter gives a lucid explanation of the well- 
known phenomena presented in crystallization from 
supersaturated solutions, as exemplified by the separation 
of sodium sulphate and its various hydrates from solution: 
and in his eighth chapter he deals in a similar way with 
the formerly perplexing question of double salts. But in 
the eighteenth, the newest and most important chapter in 
his treatise, he has discussed at some length the question 
of isomorphous mixtures in the light of the powerful 
methods applied to the subject by Bakhuis Boozeboom, 
who, accepting van 't Hoff s view of solid solutions, and 
taking the composition of the solution (i.e. the molecular 
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proportion of the different solutes) as bearing a direct 
relation to the composition of the crystallized salts, deter- 
mines the conditions of equilibrium between the mixed 
crystals and the solution, under constant conditions of 
temperature and pressure. 

He in fact, with the aid of the phase rules of Willard 
Qibbs defines the conditions of equilibrium in the case 
of crystallized mixed substances in contact with their 

solution. 

A crucial test perhaps of van 't Hoff*s bold hypothesis 
regarding solid solutions will be attained in determining 
whether any sound evidence of a partial pressure corre- 
sponding to osmotic pressure can be brought forward in 
oases analogous to those of dilute solutions where a small 
amount of one isomorphous substance is, to use the 
language of the hypothesis, dissolved in a large amount 
of another. The electrolytic transference of sodium and 
of lithium through glass may be quoted as collateral 
evidence, indicating that a pressure of this nature may 
operate in solids ; and the passage of carbon into steel, 
familiar in the old cementation process, may possibly be 
interpreted as the result of such a pressure. And if there 
be a true analogy between such solid solutions and liquid 
solutions in regard to osmotic or internal pressure, and if 
there be a constant relation independent of the concentra- 
tion between the solute in the liquid and the solute in 
the corresponding solid solution, the methods that are 
available for determining molecular magnitudes in the 
former should be applicable also to the extension .of our 
knowledge of the molecular magnitudes of the solid sub- 
stance held in solutionin an isomorphous mixture. Nemst 
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has already grappled with this question, and doubtless it 
is one to which investigation will now be directed by the 
application in other ways of the methods adopted by 
Roozeboom. 

An important application of the principle involved has 
recently been made by Kuster, who has determined the 
molecular weight of a liquid dissolved in a solid, and 
already claims for his investigations that they constitute 
a first and striking confirmation of Nemst's 'Law of 
Distribution/ of a solute between two solvents, one of 
which is solid. 

The term solid solution was in the first place applied 
by van't Hoff'to the case of an isomorphous mixture ; it 
would seem, however, from a study of the cryoscopic 
method of determining molecular weights made by 
Ferratini and Garelli, that the term may require widening 
so as to include mixtures of substances, which though not 
isomorphous, are chemically allied. Mr. Pope's translation 
includes references to the recent work of Muthmann and 
of Tutton, and in fact the treatise brings before the 
student the particular subjects that are discussed, in the 
light in which they stand in the scientific thought of 
to-day. 

It may be expected that this treatise may serve a further 
purpose, that namely of drawing the minds of the chemical 
students in English Universities and Colleges to the con- 
sideration of the important light thrown on their work 
and on their views of Chemistry by associating with 
these the study of the dynamical laws that underlie the 
processes in which they deal, and of Crystallography 
which is the key to their interpretation. Does the 
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chemist, who perhaps prides himself on calling into 
existence crystallized substances heretofore unknown, 
consider his work only half done when he is unable 
to determine the symmetry and the constants, crystallo- 
graphic and physical, which characterise his production, 
and are as much a part of its nature as its composition 
and chemical relationships ? 

N. S. M. 

H^ovmher iB, 1894. 
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In preparing the present edition of Dr. Fock's little 
work I have been actuated by two motives : firstly, by 
the desire to provide an elementary text-book dealing 
with the chemical bearings of crystallography for the 
use of students at the Central Technical College ; and, 
secondly, by the desire to make clear to English chemists 
the great importance of a knowledge of crystallography 
to their science. 

During the past few years it has become very generally 
recognized that most important advances in crystallo- 
graphy are to be expected from the chemical side ; our 
knowledge of the physical and geometrical properties of 
crystals is now very complete, but their relations to 
chemical constitution and composition are as yet but 
little known. Yet, on the other hand, the study of these 
very characters by mathematicians and mineralogists has 
yielded results which intimately affect some of the highest 
problems in physical and organic chemistry. This fact 
is only one amongst many which render it necessary that 
an important place in the chemist's education should 
be assigned to crystallography ; thus the pressing need 
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of some phyfiical property, the determination of which 
should supplement that of the melting-point in the char- 
acterization of new compounds would disappear if it were 
customary amongst chemists to examine the behaviour 
of such Tubst^ces in the polarizing microscope. An 
examination of this kind can be made almost as rapidly 
as a melting-point determination, and would afford, in 
most cases, an infallible test of the identity or non-identity 
of two substances ; such a test is certainly not to be 
found in the melting-point, because of the small range of 
expression of this property and its liability to be affected 
by slight impurity. 

In the endeavour to make the book a truthful state- 
ment of the position held to-day by crystallography as 
a branch of physical chemistry, Dr. Fock has con- 
siderably modified and enlarged the original German 
edition, so as to include much recent work of importance ; 
and with the author's sanction, I have also made a number 
of additions. 

My friend, Mr. H. A. Miers, of the Natural History 
Museum, has made a careful revision of both manuscript 
and proofs ; I would wish to add that the obligation 
which this very considerable service imposes on me is 
small in comparison with my indebtedness for his untiring 
patience and generous assistance during the years which 
I have spent as his pupil. 

William J. Pope. 

ChEKICAL DEPABTMEirr, 

Ceittbal Technical College, 

Exhibition Road, South Keksinoton. 
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CHAPTER I. 

Introduction. 

The ancients were well aware that certain mineral sub- 
stances occur in definite regular forms which are bounded 
by plane surfaces, and are frequently distinguished by the 
possession of great lustre. Rock crystal was the most 
important of such substances known to them, and the name 
of this widely disseminated mineral is derived from the 
similarity which it bears to ice as regards transparency and 
clearness. The name crystal ultimately became a generic 
one for all such substances. 

The ancients, as well as the investigators of the Middle 
Ages, were completely ignorant of the origin or mode of 
formation of crystalline bodies. Even during the eighteenth 
century the opinion prevailed that crystals, like animals 
and plants, owe their formation to the operation of organic 
forces. The ignorance of the earlier workers in this respect 
seems the more astonishing, when it is considered that the 
observation of the artificial growth of crystals must be as 
old as the use of common salt, and that the Arabian 
Alchemist Geber, about the middle of the eighth century of 
our era, obtained various salts in a crystalline form, and 
even recommended crystallization as a means of purifying 
substances. 
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The external regular form of crystals was supposed to be 
purely an accidental property, having no connexion with 
their composition. The process by which this opinion was 
arrived at can be readily understood, since certain crystals, 
whilst obviously consisting of the same substance, are so 
different in outward appearance owing to unequal develop- 
ment of the faces, that not the least similarity can be 
traced between them by mere inspection. In the sixteenth 
century Gessner (1568) was so misled by these circum- 
stances as to assert that the individuals of one and the 
same crystalline substance are not only of different sizes, 
but that the mutual inclinations of the faces are different 
and the whole external forms dissimilar. This view was 
generally accepted even in the second half of the eighteenth 
century, although Nicolaus Steno (d. 1686) had long before 
(1669) noted the equality of the angles on different 
specimens of rock crystal, and Guglielmini (d. 17 10) had 
established the constancy of crystal angles as a general 
law. The latter worker further occupied himself with 
speculations upon the structure of ciystals, but his views 
attracted little attention ; he was followed by Boyle and 
Lemery, who were the principal students of crystallography 
in the seventeenth century. 

At the beginning of the sixteenth century CsBsalpinus 
(d. 1603) observed that saltpetre, alum, sugar, and the 
vitriols, always separate from their solutions in the same 
characteristic forms: being led astray, however, by the 
generally accepted idea that crystals are the products of 
some organic process, this author did not draw the obvious 
deduction from his observations, i.e., that the crystalline 
form must be considered as a charaxjteristic property of the 
substance. 

The work of Boyle (d. 1691) tended in much the same 
direction as that of his predecessor Guglielmini. He made 
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observations on the phenomena attending crystallization, 
and showed that the rapidity with which the sohition cools 
is of special influence upon the habit of the sopamting 
crystals; he observed also that the forms assumed by various 
substances differ among themselves in a regular and definite 
manner. He was, however, just as far from concluding 
that the same salt always possesses the same crystalline 
form, as were his predecessors. 

Lemery paid special attention to the diflPeroncos botwocn 
the crystalline forms deposited from solutions of an alkali in 
different acids, &c. His work was of a very crude natures 
and was practically limited to questions of size and thick- 
ness. Thus, ho observed that the crystals ol)tain(^d from 
a solution of an alkali in acetic acid are more acute in 
form than those separating from a nitric acid solution, and 
these latter, in turn, appear yet more sharply pointed 
than those deposited by a solution of an alkali in sulphuric 
acid. He expected to find an explanation of thcso 
phenomena in the nature of the acid employed, or, as he 
expressed it, in the Hhickness' of the acid particles. A little 
later, Homberg endeavoured to explain the diff*erenc(!S 
between the crystalline forms of various salts, but arrived 
at no more precise conceptions than Lemery. 

One of the chief obstacles to the more rnj)id progrcsH of 
this branch of science, in addition to the extremely incom- 
plete knowledge of crystalline forms, was the condition of 
chemistry at that date. Towards the middle of the last 
centaiy, however, as the development of chemistry pro- 
ceeded more rapidly, and the description of individual 
crystalline forms assumed a more scientific charact^^r, it 
became partly recognized that differences in the chemical 
composition of substances are attended by a change in the 
crystalline form ; in general, however, it was Kup]Kme^l that 
erjTflUls of one and the same substance differ, not only in 
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the size of the faces, but also in the magnitude of the 
angles. 

Towards the end of the lasfc century our knowledge of 
crystals began to increase rapidly. Bergmann (d. 1784) and 
Gahn discovered the cleavage of crystals. Certainly, this 
property had already been observed in calcite, but it was 
regarded merely as a general property of the material, 
and not as having any connexion with the crystalline form. 
Bergmann was led by his discoveries to speculations upon 
the structure of crystals, such as had previously attracted 
Guglielmini ; these theoretical considerations, however, like 
those of his predecessor, were quite without influence upon 
the development of the science. 

The careful comparative studies of Rome de Tlsle and his 
contemporary, Werner, upon the nature of crystalline forms, 
next merit notice. Werner (d. 1817) sought more particu- 
larly to discover a relation between the forms of difierent 
crystals of the same substance. For this purpose he 
endeavoured to derive new forms by truncating, bevelling 
and replacing certain fundamental forms ; he chose as 
these fundamental forms, the cube, the pyramid, the prism, 
the plafce, and a lenticular figure. His work, however, led 
to little result, owing principally to his assumption that 
one and the same substance could possess diflerent funda- 
mental forms. 

Rom^ de Tlsle (d. 1790) also endeavoured to discover 
relations between the various shapes of crystals. Further, 
he not only described the various forms observed on 
natural crystals, but constructed models of them. Whilst 
Linnaeus (d. 1778) was acquainted with only 40 difierent 
crystalline forms, de Tlsle in his first investigation de- 
scribed no, and ultimately determined and modelled no 
less than 500 such forms. To the circumstance that 
de risle not only described his crystals, but constructed 
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models of them, we axe indebted for one of the most im- 
portant ciystallographic inventions. Up to that time, 
measurements of crystal angles had been made by measuring 
the edges and diagonals of the £iees with compasses, and 
from these lengths calculating, first, the plane angle, 
and, subsequently, the solid angle. In order that the 
models might be the more readily constructed, de Tlsle's 
assistant, Carangeot, devised the so-called contact gonio- 
meter; this instrument proved of the greatest value in 
the further development of crystallography. Steno had, 
many years before, observed the constancy of the angles 
on rock crystal; by the use of the goniometer de Tlsle 
was able to assert the same of other substances, and place 
the general law enunciated by Guglielmini on a firm basis. 
The valuable work of de Tlsle has, unfortunately, found but 
slight recognition ; partly because small attention was 
paid to such kinds of research at that time, and partly 
because, a little later, the crystallographic studies of Haiiy 
aroused far greater interest, and so obscured the work of 
his immediate forerunner. 

B^n6 Just Hauy must be recognized as the real father 
of crystallography ; it was reserved for him to establish 
the science upon the firm foundations laid by previous 
workers, more especially by de I'lsle. Haiiy's influence 
upon crystallography dates from about 178a, when he 
established the general character of different kinds of 
crystalline series from a study of the laws of symmetry. 
He showed, for example, that the series derived from the 
cube could only include certain regular forms, such as 
the octahedron and dodecahedron. He sought to refer 
all crystalline forms which possess the same symmetry to 
one simple fundamental form. The great difficulty pre- 
sented by this problem, especially with the limited means 
at Haiiy 's disposal, will be appreciated when we consider 
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the enormous number of forms exhibited by calcite. Even 
now, the expert sometimes finds it no easy matter to recog- 
nize the constant crystalline form of this mineral amongst 
the numerous variations in shape which it presents. Haiiy, 
however, followed up his work vrith great perseverance, and 
was at length able to refer all the different forms assumed 
by a crystalline substance to one simple fundamental form ; 
he was thus led to discover the general law now universally 
known as the law of rational indices to which all crystals 
without exception are subject. 

Haiiy' s penetration further enabled him to recognize in 
the magnitudes of the crystalline angles, as well as in the 
general crystalline form, an important means of identifi- 
cation ; consequently, he saw in crystallography a most 
powerful instrument for determining crystalline minerals. 
In connexion with this latter object he interested himself 
considerably in chemical research, wishing to verify by 
analysis the crystallographic differences observed between 
minerals. In the majority of cases this attempt proved 
successful, and he therefore concluded that, leaving the 
cubic system out of consideration, eveiy definite crystalline 
chemical compound can be referred to a characteristic 
fundamental form. In other words, he showed that dif- 
ferences in chemical composition find expression in the 
crystalline form, and that two different substances do not 
crystallize in the same form. 

These views soon found universal acceptation, and at 
the present time form the basis of chemical crystallography. 
The exceptions exhibited in this respect by certain sub- 
stances do not invalidate the law, as they find a natural 
explanation in the close chemical relationship existing 
between such compounds. 



CHAPTER II. 

The Nature op Crystals. 

In considering the problems of chemical crystallography 
it is essential to possess the clearest and most correct 
conceptions of the character and nature of ciystals. For 
this purpose an exact definition of a crystal must first be 
given, which shall harmonize both with the geometrical 
and physical properties of crystals and also with what is 
known of crjrstalline structure. 

As is well known, the geometrical properties or the 
external regular shapes of crystals are governed by the 
general law which asserts that when the positions of four 
independent &ces are fixed, the position of any other face 
is not an arbitrary one, but must fulfil certain definite 
conditions. These conditions may be formulated in terms 
of * Indices,' of * Zones,' or of * Anharmonic ratios ' ; thus, 
the fundamental law is variously termed the law of rational 
indices, the law of zones, or the law of rational anharmonic 
ratios. These three laws in reality express precisely the 
same fact. The fundamental law, however, does not merely 
express the relative positions of the separate faces, but also 
implies the co-existence of certain hces constituting a 
* simple ' crystalline form. 

So-called crystalline symmetry is, in reality, merely 
a consequence of the law of rational indices. This fact 
was only slowly recognized, and was first clearly and 
completely expressed in 1866 by Viktor von Lang in his 
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Lehrbuch der Krystallographie. By the application of 
purely mathematical methods to the fiindamental principles 
of crystallography, this author was able to show what 
kinds of symmetry are, and what are not, possible amongst 
crystals. There is, in this question of symmetry, a com- 
plete accord between theory and experience. All the 
properties resulting from symmetry recognized as theoreti- 
cally possible, actually occur in practice, and conversely no 
such properties have been observed which could not have 
been anticipated by theory. 

The physical properties of a crystal are the same in 
parallel directions, but are, as a rule, different in different 
directions ; they thus differ from the corresponding proper- 
ties of homogeneous amorphous bodies which are the same 
in all directions. In a crystalline medium the cohesion 
and elasticity in general vary with the direction ; the other 
properties, however, do not all conform to this rule. The 
physical properties are absolutely and alone dependent on 
the direction, because at no point in the interior of the 
crystal are the properties different from those at any other 
point ; there is no singular point. The properties of pieces 
cut from various parts of an individual crystal are always 
the same. 

A noteworthy relation which exists between the geo- 
metrical and physical properties of crystals is that every 
plane of geometrical symmetry is likewise one of physical 
symmetry : the converse of this, however, is not generally 
true ; the physical properties may hence be divided into two 
groups according as the geometrical and physical symmetry 
is, or is not, of the same order. To the first class belong 
cohesion, elasticity, and the pyroelecti'ical properties; to 
the second, the optical, thermal, magnetic, and some of the 
electrical properties. The latter are of a higher order of 
symmetry than the former. 
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A crystal may thus be defined, on the basis of all its 
properties, in somewhat the following terms : A crystal is 
a homogeneous solid body of definite chemical composition^ whose 
physical properties are the same in parallel directions^ hut are 
generally different in directions which are not ^parallel. The 
outward sign of a crystal is its regular geometrical form ; 
this, however, is only perfect if the development has pro- 
ceeded undisturbed, and is by no means an essential feature 
of the crystal. The external form may be destroyed, and 
yet the fragments will not cease to be crystals; on the other 
hand, the most perfect crystal model is not a crystal, lacking, 
as it does, the characteristic internal physical properties. 

The best explanation of the peculiar character of a crystal 
is to be found in the assumption that its ultimate 
particles are arranged in a regular manner, whilst in an 
amorphous body there is no such regularity. By the 
structure of crystals, therefore, is understood the regular 
arrangement of the molecules. 

Speculations on crystalline structure were rife long before 
the development of the fundamental laws of crj'^stallography. 
Thus Guglielmini was of opinion that all crystals consist 
of minute fundamental figures (the cube, octahedron, and 
the hexagonal and oblique prisms), built up in a definite 
and regular manner, and held together by magnetic forces. 
Before this, however, Robert Hooke (1667) had sought to 
explain the crystalline form of alum by supposing it built 
up from cubes of ej[ual sizes. 

The speculations of Huygens (d. 1695) attracted more 
attention than those of Guglielmini, and resulted from their 
author's reseai'ches on calcite. Huygens considered that 
a crystal, such as calcite, is built up in a regular way from 
small invisible particles, to which he assigned an ellipsoidal 
form, suggested in this instance by the ascertained form of 
the optical wave-surface. The work of Bergmann on this 
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subject next deserves mention: Gahn had observed that 
all calcite crystals cleave into rhombohedra ; Bergmann 
therefore concluded that some close connexion must exist 
between the cleavage figure and the different crystalline 
forms; accordingly, he endeavoured to derive the hexa- 
gonal prism and the scalenohedron from different arrange- 
ments of cleavage rhombohedra. Haiiy was, however, 
the first to grasp the general connexion between the 
cleavage fragments and the crystalline form ; he succeeded 
not only in founding a theory of the molecular structure of 
crystals upon the phenomenon of cleavage, but also in 
deducing from it the fundamental laws of crystallography. 

Haiiy considered the smallest particles {molecules inte- 
grantes) of a crystal to be plane-sided polyhedra, by the 
aggregation of which a crystal nucleus of the same shape 
as the principal cleavage form is produced. In many cases 
this nucleus is supposed identical in form with the inte- 
grating molecule ; where this is not so, the reason is 
to be found in the nature of the cleavage. Thus, tour- 
maline cleaves both on the rhombohedron and prism 
forms, the latter cleavage being imperfect ; a cleavage 
rhombohedron can thus be divided into six acute tetra- 
hedra. These last, therefore, Haiiy considered as the inte- 
grating molecules, and took the rhombohedron for the 
nucleal or fundamental form ; such a nucleus [forme primi- 
five) constitutes the ftindamental form from which all 
others may be derived. The same conclusion is arrived at 
from a consideration of the process of crystallization ; the 
growth of a crystal occurs in such a way that the' new 
material is deposited in layers on the faces of the primitive 
form. In his mathematical theory Haiiy supposed that 
the elements {molecules soustractives) of these layers are 
always parallelepipeda. The subtractive molecules, there- 
fore, may be so far identified with the integrating mole- 
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cules in that both are parallelepipeda. The agreement is, 
however, not complete ; for, in the special case of a sub- 
stance having octahedral cleavage, the integrating par- 
ticles cannot be placed side by side without gaps inter- 
vening ; the assumption must, therefore^ be made that the 
subtractive molecules are of a complex nature. 

In order to explain the occuiTence of the various derived 
forms, it is further assumed that the successive layers 
deposited during the building up of the crystal become 
gradually smaller and smaller in area, each layer being less 
by several subtractive molecules than the preceding one. 
In this way a pyramidal growth is obtained, whose precise 
form differs according as the molecules recede along a line 
parallel to the edges of the fundamental form, parallel to 
diagonals of the faces, or lastly, parallel to certain inter- 
mediate directions. 

In accordance with the above theory Haiiy explained 
morphological features of this kind by a double process ; 
the nucleal form of the substance considered had first 
to be determined, and then the complete crystalline form 
had to be referred back to this nucleus. The question 
whether the subti'active molecules were identical with the 
integrating molecules or were merely constructed from 
them seemed to Haiiy of but little importance. 

A critical consideration of Haiiy's theory shows it to be 
by no means free from defect ; many substances occur which 
possess no parallelepipedal cleavage or have it but imper- 
fectly developed. Certain contradictions are also evident ; 
as, for example, that octahedral molecules cannot be placed 
in juxtaposition without the intervention of vacant spaces. 
The latter objection was, however, eluded by Seeber^, 
who substituted smaller spherical molecules in place of 
Haiiy's contiguous polyhedi'al units ; this at the same time 

^ QiXb. Awti. d, Phys, ^6, 229, 1824. 
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provided a possible explanation of the expansion of crystals. 
Later on, one of Haiiy's pupils, Delafosse (1843), indepen- 
dently and in a similar manner devised a theory in which 
material points took the place of Haiiy's molecules. 

Wollaston (18 13) endeavoured to remove certain contra- 
dictions connected with the supposed regular form of the 
integrating, molecules. For this purpose he assigned to 
the latter spherical and ellipsoidal shapes, and assumed 
them to preserve their regular arrangement in virtue of 
mutual attractive forces which bring them as closely as 
possible together. The opinion held by James Dana (i 836) 
was developed from the foregoing ; in place of Haiiy's sub- 
tractive molecules he considered their inscribed ellipsoids, 
and also identified the latter with the integrating molecules. 

All these developments of Haiiy's theory are concerned 
merely with the shape of the crystalline elements ; the 
latter were always supposed to have a parallel or net-like 
arrangement. This arrangement is the same as is peculiar 
to the so-called 'space-lattices,' and was not considered 
worthy of special study. 

Frankenheim ^, was the first to investigate the nature of the 
possible space-lattices and showed that they must possess the 
same symmetrical properties as crystals themselves. He 
found that fifteen different space-lattices are possible, and 
then, having deduced from the cleavage and general habit 
of crystals that fifteen fundamental forms of crystals are 
possible, he showed that these latter in many respects 
correspond with the lattices. Frankenheim's views are 
not in all respects correct, but they were of value in 
opening up new ground. 

Some time afterwards Bravais^ (1850) showed that two of 
the fifteen networks described by Frankenheim are identical 

^ T>ie Lehre von der Kohasum^ Breslau, 1833. 
' itud.es cristdOographiques, Paris, 1866. 
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and also that the fourteen which remain can be divided 
into seven groups, within each of which the members are 
characterized by the same symmetry. These groups agree 
in general with the seven known crystalline systems, 
considering the rhombohedral forms to constitute a system 
distinct from the hexagonal. The agreement is, however, 
not complete ; the fourteen space-lattices represent the 
holohedral forms alone and the properties of hemihedral 
crystals are not considered. In order to supply the 
omission of the structure of hemihedral crystals in the 
theory of space-lattices, Bravais then introduced a supple- 
mentary hypothesis according to which the hemihedral 
character of a substance is conditioned by the nature and 
form of the crystalline elements ; the holohedral and hemi- 
hedral forms (say of cubic crystals) may thus possess the 
same net-like structure, but must consist of crystalline 
elements which differ in their symmetry. 

Although this extension of the original hypothesis can- 
not be really regarded as inadmissible, Sohncke ^ considered 
that it was of a somewhat arbitrary nature ; he therefore 
treated the problem from a more general point of view. 
Starting from the same fundamental principle — ^that, in an 
indefinitely extended crystalline system of points, the dis- 
tribution of the points round each point is the same — he 
endeavoured to deduce all the kinds of structure possible. 
The conclusion at which he arrived was as follows : if it be 
admitted that, in this distribution of points, the individual 
molecules are arranged parallel to one another, then the 
only possible form of structure is a reticular one. If this 
be not admitted, it can be shown, as had already been 
done independently by C. Wiener^, that other structural 
forms are conceivable. 

^ Eribjoickdung einer Theorie der KrystaUstmktur^ Leipzig, 1879. 
^ GrundzUge d, Wdtordnung, 2nd ed., 1869, vol. i. 
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From his more general point of view, Sohncke^ was 
then able, with the aid of some purely mathematical 
reasoning of Camille Jordan, to demonstrate that sixty-five 
such regular, infinite point-systems are possible. Further, 
he showed that these sixty-five systems may be grouped 
in accordance with the symmetry of the various known 
crystalline systems. 

The forms of structure described by Bravais can thus 
only be regarded as special cases from amongst a number 
of systems which explain the symmetry of hemihedral and 
tetartohedral, as well as of holohedral crystals. 

Further, point-systems of this kind explain clearly the 
optical activity of many crystalline substances as well as 
the existence of so-called * limiting * forms. The theory 
may hence be considered as well founded ; it will natur- 
ally attain to a higher degree of probability when the 
individual point-systems are identified with known crystal- 
line substances, and the properties of the latter, together 
with their relations to kindred bodies, are clearly defined. 
At present this has only been attempted for a few individual 
cases, and more particularly for quartz, which was studied 
by Sohncke himself. More recently Sohncke's method has 
been extended by Federow, Schonflies, Curie, and Barlow, 
and in a difierent manner by Sohncke himself, with the 
result that the number of possible crystalline structures 
has been largely increased and includes all the varieties of 
crystalline symmetry, both holohedral and hemihedral. 

^ Zeitsch, f, Kryst xiii. 218. 



CHAPTER III. 

The Physical Laws governing Crystallization. 

Until the middle of the last century it was generally 
supposed that crystals, like animals and plants, owe their 
origin to the operation of organic forces. The investiga- 
tions of Bergmann and Haiiy, which led to definite concep- 
tions of crystalline structure, caused a change in the prevail- 
ing opinion, and resulted in the formulation of two views 
respecting the growth of crystals. By some it was sup- 
posed that the crystalline elements are built up in a regular 
manner owing to their polyhedral forms and to the attrac- 
tive forces operating between them ; others saw in the 
process of crystallization only the action of electrical and 
magnetic forces. 

Beudant (compare p. 82) was one of the first to apply 
himself energetically to the study of the process of crystal- 
lization; his work aimed at the discovery of the initial 
cause which leads matter to assume these varied and 
characteristic forms. To attain this end he studied the 
influence of the pressure and moisture of the atmosphere, 
the concentration, mass, and temperature of the solution, 
and the shape of the containing vessel upon the form of 
the crystals deposited ; further, he investigated the action 
of electricity and magnetism upon crystallization. His work 
led to no important result ; he merely found that changes in 
the above-mentioned conditions result only in a slower or 
more rapid growth, or in a larger or smaller development of 
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the deposited crystals, and that such changes effect no 
alteration in the form of the resulting crystals. A definite 
change in the form of the crystals could, however, be caused 
by the addition of certain chemical reagents to the solution. 
Thus, he observed that alum is deposited from its solution 
in cubes, when purified from all free acid by heating with 
an insoluble carbonate, and that common salt separates 
from urine in octahedra. 

Le Blanc, von Grotthus, and Gay-Lussac, together with 
numerous other workers, succeeded Beudant in the study 
of this subject, and the opinion was often expressed in the 
literature of the period that crystallization is an electrical or 
magnetic process. This view received substantial support 
from the study of pyroelectrical phenomena and also from 
the fact that certain crystals, such as those of arsenious 
anhydride, emit light at the moment of separating from 
solution. All attempts, however, to arrive at a more 
perfect conception of the process of crystallization in this 
way have been futile ; such work, consequently, hardly 
merits more special mention. 

Molecular forces are the active cause of crystallization, 
determining, as they do, a certain attraction between the 
crystalline elements. This statement, although vague, 
is at present the most definite that can be safely made ; 
though many interesting facts which indicate that a rela- 
tion exists between the environment of a crystal and its 
habit have been discovered by von Hauer and others. 

The property of assuming a crystalline form is apparently 
not common to all substances ; a large number of compounds 
are known which have not yet been obtained in the 
crystalline state. Among these may be enumerated albu- 
men, tannic acid, the gums, &c. ; these substances are 
known as colloids in contradistinction to cry^talloidi or 
crystallizable compounds. There are, however, other ways 
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of distingaidiing between colloids and crystalloids; the 
former, for example, possess a very slight power of diffusion, 
and the presence of dissolved colloids affects the boiling or 
freezing point of a solvent but slightly, thus indicating 
that they have very high molecular weights. Although 
colloids seem to possess no power of crystallizing, a final 
distinction cannot yet be drawn, for it may be that it is 
only a matter of difficulty, and not of impossibility, to 
establish the conditions necessary to the crystallization of 
such substances^. 

The principal condition for obtaining a substance in 
a crystalline form is fulfilled if it be possible to change it 
from the g^eous or liquid into the solid condition. Many 
substances are known which under ordinary circumstances 
exist in the gaseous state, and whose conversion into the 
solid state may be effected in accordance with known 
physical laws simply by lowering the temperature, or by 
the combined effect of cooling and increased pressure. 
Conversely, if a substance is already solid, it must, in 
general, be converted into the fluid state before crystdi- 
lization can occur ; two ways of accomplishing this exist. 

The first consists in heating the substance till it melts 
or volatilizes ; on cooling, the substance is obtained again 
in the solid state. Many substances may thus be caused 
to crystallize by condensation of the vapour or by slow 
solidification of the molten mass. Ammonium chloride 
crystallizes as it solidifies from the gaseous state ; sulphur, 
iodine, camphor and benzoic acid crystallize as they solidify 
either from the gaseous or liquid state. 

The second method of obtaining a substance in the 
crystalline form consists in causing it to separate from 
solution ; water is the usual solvent employed, only a few 
other liquids, such as alcohol, ether, carbon bisulphide, and 

' Schimper, Zeitsch.f. Kryst. v. 131. 

C 
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petroleum, having any practical importance in this respect. 
The employment of other fluids, such as gases, or the 
molten substance itself, as solvents for crystallization,^ has 
received but little attention. From a physical point of 
view, three methods for the preparation of crystals may be 
distinguished, i. e., solidification from the gaseous, molten, 
or dissolved state (see, however, p. 80). 

When it is considered that the process of crystallization 
is in general a reversible one, it is evident that a knowledge 
of the phenomena attending the conversion of solid or 
crystalline substances into the gaseous^ liquid, and dissolved 
states, is all-important to a correct understanding of the 
process of crystallization. The phenomena accompanying 
sublimation and fusion will therefore be briefly discussed, 
whilst the process of solution, possessing, as it does, much 
more importance in connexion with the artificial prepara- 
tion of crystals, will be treated at greater length. 



CHAPTER IV. 

Fusion and Solidification. 

The temperature at which a substance passes from the 
solid to the liquid state is a perfectly definite one ; it is 
termed the melting point and is constant for the same com- 
pound. The melting point of a substance is identical with 
its freezing pointy i.e., the temperature at which the liquid 
substance solidifies. This temperature being constant and 
characteristic for chemically simple substances^ is much 
employed for purposes of identification. The melting 
point is only affected by the superincumbent pressure ; 
the alteration in the point of fusion caused by a change in 
atmospheric pressure is a definite one, but is so insignificant 
that for all ordinary purposes it may be ignored. Thus, 
according to Thomson, the melting point of ice is lowered 
by only 0'CX>733° P®^ atmosphere of pressure added. 

The molecular structure of a substance has considerable 
influence upon its point of fusion. Thus a body has two 
different melting points according to its condition, whether 
amorphous or crystalline; and in those cases where a 
substance, assumes two different crystalline forms, each 
variety has its specific melting point. Certainly, in most 
cases the various modifications differ slightly in this respect, 
but differences of several degrees are frequently observed. 
For this reason, the value of melting point determinations 
as a means of recognition and identification of chemical 
products has fallen considerably of late years. 

c % 
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The conversion of a solid body into the liquid or gaseous 
state is always accompanied by two phenomena which are 
closely related to one another, i.e., a change in volume and 
a transference of heat. The alteration in volume observed 
on melting differs not only in magnitude for different 
bodies but also in sign ; the change is, however, constant 
both in sign and magnitude for every chemically homo- 
geneous substance. Most substances increase in volume 
on changing from the solid to the liquid state ; amongst 
the few substances which show the opposite behaviour, 
i.e., which decrease in volume on melting, are water and 
a few metals, such as iron, copper, antimony and bismuth. 
It is easy to decide a jpriori whether the melting point of 
a substance will be raised or lowered by change of external 
pressure. The direction of the change in melting point 
evidently depends upon the direction of this alteration in 
volume ; if a substance increases in volume on melting, 
the melting point rises on increasing the pressure, and vice 
versa. 

The transference of heat observed on melting, like the 
change in volume, is of constant magnitude ; the former 
change, however, only proceeds in one direction. Heat is 
always absorbed, and never liberated, during fusion. This 
fact is fully explained by our current ideas concerning the 
nature of heat ; heat consists in the motion of the mole- 
cules of bodies, and work and heat are interconvertible. 
When a substance is converted from the solid to the fluid 
state, a certain definite amount of work has to be done in 
order to overcome the external pressure and the attraction 
between the particles of the body, both of which causes 
tend to prevent increase in volume. In melting, then, two 
kinds of resistance have to be overcome — an internal and 
an external. The external resistance exists only for those 
substances which increase in volume on melting; with 
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substances which decrease in volume on liquefaction, the 
external pressure assists the process of fusion. The internal 
resistance to fusion which has to be overcome is always so 
great as to render the effect of the external pressure in- 
significant. Heat is never liberated on melting, but must 
always be put into the body in order to lessen the mole- 
cular attraction and so bring about liquefaction. On 
solidification the reverse change naturally occurs, the heat 
taken up in melting being again set free. This liberation 
of heat retards the solidification and so establishes more 
fikvourable conditions for that regular arrangement of the 
particles of the substance which results in the formation 
of crystals. 



CHAPTER V. 

Sublimation. 

By sublimation is understood the process by which 
a substance passes directly from the solid to the gaseous 
state on the application of heat, and subsequently returns 
to the solid state on cooling. The term is also applied to 
those cases in which liquefaction occurs during the heating 
but not during cooling, the vapour passing directly into 
the solid state ; such cases are frequently met with amongst 
those substances whose melting and boiling points lie near 
together. This condition, however, is but seldom fulfilled, 
the melting and boiling points of a substance generally 
lying far apart. A clearer conception of the process will 
be obtained when it is considered that both melting and 
boiling points vary with the external atmospheric pressure ; 
the latter temperature changes rapidly and the former very 
slowly. In some few cases sublimation occurs under 
ordinary barometric pressure, and by decreasing the atmo- 
spheric pressure it is very often possible to efiect the 
direct conversion of a solid body into the gaseous state. 
Naturally no definite change of volume can here be spoken 
of, as gases have no constant volume. The heat absorbed 
in sublimation is the sum of the heats of liquefaction and 
of vaporization. 

The gaseous condition of certain substances, considered in 
its relation to the crystalline state, allows of some important 
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observations ^. As is well known, sulphur belongs to that 
class of elements of which the members are known in all 
three states of aggregation ; under standard pressure this 
element boils at 417° and freezes at about iid". It has 
been found that sulphur vapour at a temperature of 1,000° 
is composed of molecules — chemical molecules — formed by 
the combination of two atoms. On cooling the gas to 
800**, vapour density determinations show that condensa- 
tion is beginning to occur with the formation of larger 
molecules ; at 500° the gas consists entirely of physical 
molecules — that is to say, of freely moving particles each 
consisting of six atoms. The condensation of three chemical 
molecules to form one physical molecule is naturally ac- 
companied by an evolution of heat, as the chemical 
molecules give up a great part of their independent motion 
and the velocity of the resulting large molecules becomes 
smaller in proportion to their size. In this case, therefore, 
as in all others, change of state of aggregation is attended 
by a redistribution of heat ; a combination of several 
gaseous molecules to form one fluid molecule is here said 
to occur. This hypothesis of change of molecular weight 
may be applied with equal correctness in explaining the 
phenomena attending fusion, and a distinction has ulti- 
mately to be drawn between gaseous, liquid, and crystalline 
molecules. To what extent such assumptions as these are 
of service in crystallography will be subsequently shown 
below. 

^ Groth, t)her die Molekvlarheachaffenheit der Krystalkf Munich, 1888. 



CHAPTER VI. 

Solution and Separation. 

Whilst the phenomena of melting and sublimation were 
long ago investigated and explained in all essential respects, 
the most contradictory hypotheses have always been enter- 
tained upon the subject of solution. Roughly speaking, 
two different views formerly prevailed amongst workers 
in this department of science; one party saw in solu- 
tion a purely chemical process, whilst another considered it 
as a purely physical one. The principal adherents of the 
latter view were Graham, Brand, Daniel, Miller, Nicol, and 
Dossius, the former opinion being supported more especially 
by Berthelot, Cooke, and Henry; a sharp line of demarcation 
between the two parties was, however, never possible. 

Recently, a considerable change in current views on 
this subject has resulted from the study of the so-called 
osmotic j)ressure, a factor which formerly received little 
attention, but which eventually proved of the utmost im- 
portance to the theory of solution. The osmotic pressure 
affords for all solutions characteristic constants which differ 
very widely for different solutions. The measurements 
require the employment of semipermeable media which 
will allow of the free passage of water — the solvent — 
whilst retaining the dissolved substance. Such a medium 
or vessel may be prepared by soaking unglazed earthen- 
ware cells, such as are used for fitting up galvanic batteries, 
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in a solution of copper sulphate and subsequently steeping 
them in potassium ferrocyanide solution. The pores of 
the earthenware thus become filled with insoluble copper 
ferrocyanide and a vessel is obtained which readily allows 
the passage of the water molecules but is impermeable to 
the dissolved substance. 

If a cell prepared in this manner be filled with, say, 
a solution of sugar, securely closed and then placed in pure 
water, a remarkable phenomenon occurs; water passes 
through the cell walls and an increase in the internal 
pressure results. This pressure, which allows of easy 
measurement by means of a manometer, is termed the 
osmotic pressure ; it is constant for the same solution, 
depends on the concentration, and increases until a maxi- 
mum value is reached. 

A very simple general law governs the osmotic pressure. 
The osmotic pressure is directly jprojportional to the concentra^ 
tiofi of the solution ; so that, by doubling the concentration 
of the solution, the pressure itself is doubled. Considering 
a unit quantity of the substance dissolved in a varying 
quantity of solvent, the concentration of the solution is 
inversely proportional to its volume; consequently, the 
volume of the solution is also inversely proportional to the 
osmotic pressure. It is thus seen that the law stated 
above is identical in form with that which governs the 
relation between the volume and pressure of gases (Boyle's 
Law), and which states that the product of pressure and 
volume is a constant ; the analogy between the gaseous and 
dissolved states may, however, be carried much further than 
this. As is well known, all gases, independently of their 
chemical composition, expand by ^y^rd of their volume at 
o** for a rise of temperature of i** ; and, if the volume be 
kept constant, the increment of pressure with change of 
temperature is also ^l^rd. The same is true of solutions. 
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The osmotic pressure increases as the temperature rises by 
^f^rd of its value at o° per i° without reference to the 
chemical nature of the solution ; the deviations from this 
simple law are scarcely greater than in the case of gases. 

This close analogy existing between the gaseous and 
dissolved states is best expressed by the general law 
enunciated by van't Hoff in the following form. The 
osmotic pressure of a solution has the same value as the 
pressure which the dissolved substance would exert if it were 
enclosed in the state of gas in the space occupied hy the 
solution. The molecules of gaseous substances, however 
difiFerent in chemical nature, occupy the same space ; hence 
in a unit volume the pressure exerted by a gas is directly 
proportional to the number of molecules present. The 
same statement is also true for solutions: The osmotic 
pressure is directly proportional to the number of molecules 
dissolved in unit volume of solution. The numerous relations 
which in course of time have been established between 
vapour density and molecular weight can therefore be 
applied, collectively and without alteration, to the case 
of solutions. 

Numerous exceptions to the general laws of gases were 
early discovered; it was observed, for instance, that the 
vapour density of ammonium salts is much smaller than is 
indicated by theory, or, what is the same thing, that the 
vapour tension is much greater than would be expected. 
All these anomalies, however, are only apparent, and were 
ultimately explained as resulting from a decomposition 
(dissociation) of the chemical molecules into two or more 
simpler ones on volatilization. A large number of soluble 
substances are known which deviate from van t HofiF's 
general law in an exactly similar manner; amongst 
these are acids, bases, and salts. Here, also, the theory 
which explains the gaseous phenomena, may be extended 
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to the case of solutions ; in an aqueous solution of an 
acid, salt, or base, all or part of the dissolved molecules 
are dissociated into two or more lighter ones (ions). 
This hypothesis (dissociation hypothesis) is supported by 
a large number of &cts, but more especially by the 
circumstance that all substances which undergo dissocia- 
tion in aqueous solutions are electrolytes ; the electrical 
conductivity of their aqueous solutions increases as the 
amount of dissociation becomes greater, or as the number 
of free ions present increases. Essential importance must 
be attributed to the fact that the dissociation hypothesis 
permits the application of very simple laws to the freezing 
points, as well as to the gaseous tensions, of solutions. 
The lowering of the freezing point by diminution of the 
vapour pressure in a solution is directly proportional to 
the number of dissolved molecules, independently of their 
chemical nature. 

The process of solution may be conceived as completely 
parallel to that of evaporation simply by following up the 
above hypothesis, A liquid contained in a closed space 
evaporates until the space above the liquid is saturated 
with the vapour, or until the vapour tension has attained 
its maximum value and equilibrium is established between 
gas and liquid. This state of equilibrium or saturation 
is reached when the exchange of particles between the 
liquid and the superincumbent vapour proceeds at the 
same rate in each direction, i.e., when in unit time as 
many gaseous molecules return to the liquid as leave 
it and assume the gaseous state. Similarly, a solid in 
contact with a liquid, dissolves in it until the osmotic 
pressure of the solution reaches a maximum ; and equili- 
brium or saturation is attained, when in unit time just as 
many molecules go into solution as return to the solid 
state. The point of saturation is hence determined by 
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the constant interchange between the solid substance and 
the solution, and a solution can only be described as 
saturated when it is in contact with the solid substance, 
just as a saturated vapour only exists in presence of the 
liquid. Many mistakes were formerly made by ignoring 
this condition. 

The vapour tension of a liquid in all cases increases 
with a rise of temperature, and similarly, the solubility of 
a substance increases as the temperature rises. There are, 
however, a few exceptions to this rule ; the solubility of 
some substances, such as calcium hydroxide and calcium 
isobutyrate, decreases as the temperature rises. These 
anomalous cases are yet further distinguished in that heat 
is not absorbed but liberated when the substance dissolves. 
Thus, the general relation always holds that the solu- 
bility of a substance is increased or decreased by a change 
of temperature as heat Is absorbed or evolved respectively ; 
the parallel between evaporation and solution is hence 
still complete, inasmuch as heat is always absorbed on 
evaporation. 



CHAPTER VIL 

Water of Crystallization. 

Considerable complexity is introduced into the pheno- 
mena of solution by the fact that many substances on 
separating in the crystalline form from their aqueous 
solutions, combine with so-called water of crydallization. 
That the appearance of this water in the solid state is 
due to some chemical cause, is apparent from its be- 
haviour towards the substance with which it is combined. 
Some compounds lose their water of ciystallization even 
at ordinary temperatures, and have to be prepared in 
freezing mixtures in order to avoid decomposition ; such 
substances are termed cryohydrate^. Other compounds con- 
taining water — the so-called Aygrohydrates — are stable in 
moist air, but lose water on exposure to a dry atmo- 
sphere. Lastly, the amount of water of crystallization 
contained in a few substances is apparently dependent 
on the pressure of the surrounding atmosphere; these 
compounds may be termed barohydrates. Usually, a salt 
loses its water of crystallization, if not below ioo°, at a 
little above that temperature. It is to be noted, how- 
ever, that a substance containing several molecules of 
water of crystallization does not hold them all with the 
same degree of tenacity. The heat of hydration aflTords 
a measure of the attraction existing between the substance 
and the several molecules of water retained on ciystal- 



30 



Chemical Crystallography. 



[CH. 



lization ; for instance, strontium chloride and magnesium 
sulphate combine with successive molecules of water with 
the evolution of the quantities of heat indicated in the 
following table : — 



SrCla; 


HaO* 


+ 5-6a cals. 


MgSO^ ; 


HaO = 


+ 698 cals. 


SrCla, HgO; 


HaO = 


+ 3-8o „ 


MgSO^ , H2O ; 


H20 = 


+ 230 „ 


SrClj, aHaO ; 


H^O^ 


+ 2-46 „ 


MgS04,2H20; 


H2O = 


+ 340 »> 


SrCla, 3H2O; 


HaO^ 


+ 3.45 „ 


MgSOi , 3H2O ; 


HaO = 


+ 340 » 


SrCl^ , 4H2O ; 


H^O- 


+ 2-33 >} 


MgS04 , 4HaO ; 


H,0 = 


+ 217 „ 


SrCla, 5H2O; 


HaO = 


+ 2-34 » 


MgS04 , sHaO ; 


HaO» 


+ 2.17 „ 








MgS04,6H20; 


HaO = 


+ 3.66 „ 



An inspection of the table shows that the successive 
molecules of water are sometimes taken up with the 
evolution of a similar quantity of heat ; this should be 
due to the identical relations of such water molecules to 
the compound. The first molecule of water is held with 
especial firmness in the two instances cited; as is borne 
out by the fact that a much higher temperature is re- 
quired to expel this molecule. On heating crystalline 
magnesium sulphate (MgSO^, 7H2O), six molecules of 
water are lost at 13^^°, whilst the last is only completely 
eliminated at 'xxd*. 

The observation that some salts do not give off their 
water of crystallization all at once, but that a certain 
proportion is retained at a higher temperature than the 
rest, was made many years ago by Graham ; he termed 
this firmly-held water, water of halhydration^ to distinguish 
it from true water of crystallization, which is more easily 
expelled. Erlenmeyer considered the water of halhydra- 
tion as water of constitution ; the compound of one molecule 
of water with magnesium sulphate (MgSO^, HgO) being 
supposed to possess the constitution OH • SO2 • O • Mg • OH. 
A similar assumption may be made for most substances 
containing one molecule of water of halhydration, so that 
they may be represented as half basic, half acid salts. 
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That an essential diflferenee exists between ordinary 
water of crystallization and water of constitution is plainly 
indicated by a number of facts. Thorpe and Watts 
observed that the water of constitution occupies a smaller 
volume when the compound is dissolved in water than the 
ordinary water of crystallization ; the latter being in this 
respect indistinguishable from the water in which the 
substance is dissolved. A similar distinction is indicated 
by the experiments of E. Wiedemann, who found that 
salts containing water of crystallization possess a large 
coeflScient of thermal expansion, and that the change of 
volume due to fusion alone is very small; substances 
containing only water of constitution, however, behave 
quite differently in this respect. 

It has been long supposed that water of crystallization 
remains in the combined state in aqueous solutions of the 
substances; certain colour changes strongly favour this 
view. A solution of the monosymmetric cobalt chloride, 
C0CI2, 6H2O, possesses a red colour, similar to that of 
the solid salt. On heating the solution to 120°, however, 
or on adding concentrated hydrochloric acid to it, the 
colour changes to blue, and from this blue solution a blue 
salt of the composition, CoClg, 2H2O, separates. Wiede- 
mann's experiments show that the conversion of the red 
salt into the blue one in the solution is not instantaneous ; 
the course of the change can be followed quantitatively 
by colorimetric measurements. According to recent in- 
vestigations, the colour of a completely dissociated electro- 
lyte is obtained by adding the colours of its two ions ; 
consequently, since the Cl-ion is colourless, these colour 
changes are just as probably caused by a change in the 
Co-ion as by the existence of CoClg, 2H2O, or CoClg, 6H2O, 
in the solution. 

A saturated solution of a substance can only exist in 
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contact with the solid substance (see p. 1^8) ; if the latter 
be capable of taking up water of crystallization a rigid 
distinction must be made between the solubilities of the 
anhydrous and hydrated compounds. The solubility in 
water of hydrated sodium sulphate, NagSO^aoHgO, in- 
creases as the temperature rises until -^-'^'^ is reached; 
on further heating the mass of salt and water, less and less 
sodium sulphate is retained in solution, until at loo** the 
solubility is only about one half as great as at 33**. The 
old explanation of this phenomenon is that below 33"*, 
hydrated salt is present as such in the solution, and above 
33°, anhydrous salt ; this view is, however, erroneous, 
inasmuch as no indication of abnormal behaviour at 33** 
can be obtained from other properties of solutions of sodium 
sulphate. 

A more probable explanation of these phenomena is that 
Naj^S04, loHgO, only exists below 33°. On heating above 
this temperature, the crystals melt and anhydrous salt 
separates. The break in the solubility curve at 33° does 
not indicate that different salts exist in solution, but rather 
that different salts are in contact with the solution. The 
solubility between 0° and '^'^ is that of the hydrated salt, 
NagSO^, loHgO, and above 33°, that of the anhydrous 
salt, NagSO^ ; the two curves cut each other at 33°. The 
solubility curve of the anhydrous salt may be traced below 
33° by adding this salt to the solution; far more of it 
dissolves than corresponds to the solubility of the deca- 
hydrated salt. Such a solution is hence supenaturated 
with respect to the latter salt, and if a crystal of 
it be dropped into the solution, immediate separation of 
this salt occurs, and the solution will dissolve no more 
anhydrous salt whilst still in contact with the hydrated 
one. 

Another hydrated sodium sulphate, Na^SO^, 7H2O, is 
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also known ; it is more soluble than the decahydrated 
compound, and a solution of it can hence be prepared which 
immediately crystallizes on contact with a crystal of 
Na^SO^, 10H2O. By cooling such a solution it becomes 
also supersaturated towards Na^SO^, 7H2O ; on adding to 
the solution a crystal of either NaaSO^, loHaOjOr NagSO^, 
7H2O, the kind of salt added is at once deposited. Phe- 
nomena of this kind are incomprehensible if the water of 
crystallization exists already combined in the solution. 

The l)ehaviour of supersaturated solutions may be 
completely explained upon the lines indicated in the 
preceding pagea If a solution be cooled or allowed to 
evaporate, there is at first no cause for the separation of 
solid matter. At length, however, the osmotic pressure in 
the solution exceeds the solution pressure of one of the 
salts capable of separating, and on adding a solid fragment 
of the latter, rapid separation of the salt occurs and 
continues until equilibrium is established. Solutions which 
behave thus are termed supersaturated. Clearly, however, 
the idea of supersaturation, just as that of saturation, can 
only be used with reference to some definite substance ; 
supersaturation otherwise becomes a meaningless term. 
The observations of Coppet on the freezing points of super- 
saturated solutions are quite in accordance with the views 
expressed above. The regularities observed difier in no 
way from those presented by ordinary solutions. 

A correct appreciation of these relations is most easily 
arrived at by a consideration of the results obtained by 
Willard Gibbs. If n bodies in contact are present in {n + 2) 
forms or ^ phasa^^ equilibrium between these phases will 
only occur at one fixed temperature and pressure ; if only 
(» + i) phases occur together, equilibrium can be estab- 
lished throughout a certain range of temperature. Each 
temperature, however, corresponds to one and only one 

D 
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pressure. If fewer than (^ + i) phases are concemed, 
equilibrium exists at any temperature. If two substances, 
such as a salt and water, be contained in a closed vessel, 
the three possible phases, i.e. salt, solution, and aqueous 
vapour, are in equilibrium through a wide range of tem- 
perature; each temperature, however, corresponds to one 
and only one vapour pressure, and conversely a given 
vapour pressure occurs only at one fixed temperature. Under 
ordinary circumstances solutions are operated with in open 
vessels ; no independent vapour pressure can be set up in 
such cases, the solution remaining always under atmos- 
pheric pressure. This pressure (i atmos.) may be taken as 
constant without appreciable error, and hence the vapour 
no longer operates as one of the three phases ; the con- 
ditions of equilibrium are thus unchanged. In an open 
vessel equilibrium can be established at different tempera- 
tures between a salt and water. If the number of phases 
possible under these conditions is capable of increase, 
equilibrium should only exist at one definite temperature, 
the temperature corresponding to the fixed atmospheric 
pressure. Such a change in the number of phases comes 
into operation in the case of a salt which takes up water of 
crystallization, as, for example, sodium sulphate. Thus, 
solid anhydrous sodium sulphate, NagSO^, and solid hydrated 
sodium sulphate, NagSO^, loHgO, in contact with each 
other and with the solution, should be in equilibrium at 
one and only one temperature ; this result is confirmed by 
experience, the temperature of equilibrium being +33°, 
the melting point of the decahydrated salt. Above this 
temperature the salt dissociates into water and anhydrous 
sodium sulphate ; below 33** the latter salt dissolves and 
subsequently separates as the hydrated salt. 

The relations between the two hydrated salts Na2S04, 
7H2O and Na^SO^, loHgO are obviously very similar to 
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the above ; these two substances plainly cannot separate 
together from the solution, and can only be in equilibrium 
with the solution at one fixed temperature. Directly the 
temperature becomes higher or lower than this, the one 
salt becomes converted into the other by addition or loss 
of water. Speaking generally, therefore, a salt cannot 
separate from one and the same solution in combination 
with two diflferent proportions of water of ciystallization. 
The existence of three salts containing different amounts of 
water of crystallization, such as NagSO^, NagSO^, 7 HgO, 
and NagSO^j loHgO, in equilibrium and in contact with 
the same solution is impossible under any conditions. 
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CHAPTER VIII. 

Double Salts. 

The formation of so-called double salts introduces a 
complication into the study of the nature of solution 
similar to that caused by the combination of a salt with 
water of ciystallization. A double salt is a chemical com- 
pound of two salts, and is obtained when solutions of these 
components are mixed and allowed to crystallize. The 
chemical aflSnity of the constituent salts for each other is 
generally very slight, and comparable in degree with that 
by which water of crystallization is held. The question 
whether the constituent salts exist in the combined form in 
the solution of the double salt, or whether combination 
only occurs on crystallization, is of even greater interest in 
this case, than in that of water of crystallization. Up to 
the present, the matter has been investigated altogether by 
thermo-chemical methods, and by the study of diffusion. 
From a thermo-chemical point of view, the existence of a 
double salt in solution would be established only if on 
mixing solutions of the component salts, an absorption or 
evolution of heat, due to chemical action, were to occur. 
Such a change is observed in the case of but few double 
compounds, such as the double cyanides ; the existence of 
double salts in solution must then in general be denied. 
This conclusion is opposed by certain experiments on 
diffusion. Rlidorff observed that on allowing a solution of 
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potassium copper sulphate, K2S04,CuS04,6H20, to dif- 
fuse, the liquid passing through the membrane contained 
the metals in the proportions in which they are present in 
the solid salt ; this result is the more significant, inasmuch 
as potassium sulphate alone diffuses far more rapidly than 
copper sulphate. It would thus seem to follow that this 
double salt does exist in solution, although, on mixing 
solutions of the component salts, no evolution of heat 
occurs. The explanation of this apparent anomaly was 
given by Trevor ^ ; he repeated Riidorff 's experiments, 
examining the diffused solution, however, from time to 
time, not as the previous observer had done, merely 
analyzing the solution after the expiration of some long 
time. The composition of the solution diffusing at i6° 
was found to change as shown in the following table : — 



Time in hours 


I 


1-5 


3-5 


S'S 


75 


9-5 


10^5 


305 


Percentage of CuSO* \ 
molecules in mixture > 
of diffused salts ) 


ao-7 


22- 1 


232 


25-6 


26*2 


32-9 


47.0 


50-1 



The alteration in composition of the diffusate is explained 
by the fact that solid double salt was placed in the solu- 
tion to ensure saturation during the process of diffusion. 
From an inspection of the figures representing the amount 
of copper sulphate present in the diffusate a short time after 
diffusion commenced, it is obvious that the potassium 
sulphate diffuses much more rapidly than the copper salt ; 
as the solution thus becomes richer and richer in copper sul- 
phate the number of molecules of the latter passing through 
becomes greater and greater, until at the end of thirty 
hours the constituent salts travel through at equimolecular 

' Zeitsch./, physik, Chem, vii. 468. 



38 Chemical Crystallography. [ch. 

rates. At this period, however, the residual solution was 
found to contain 65«3 molecules of copper sulphate and 34*7 
of potassium salt per 100 of the mixture. When the 
amount of copper sulphate in the solution subjected to 
difiusion was prevented from exceeding that indicated by 
the composition of the double salt, by passing a conti- 
nuous stream of a saturated solution of the latter through 
the diffusion vessel, 85' ij molecules of potassium sulphate 
traversed the porous medium to every 14' 8 of copper 
sulphate ; the experiment was conducted at I4'7°. This 
velocity ratio of diffusion of the two salts is identical with 
the velocity ratio of the single salts ; it must therefore be 
concluded that no combination between the component 
sulphates exists in the saturated solution of this double 
salt. 

A similar behaviour is exhibited by most double salts ; 
in a certain number, however, combination does take place 
in solution. Amongst these latter are found a number 
of double cyanides and double chlorides; on mixing 
aqueous solutions of their constituent salts a change 
of temperature occurs owing to absorption or liberation of 
heat. Such compounds as these are hence no longer 
classified with the true double salts which completely 
dissociate on solution. The best criterion as to the 
existence or non-existence of the double compound in the 
dissolved state, is found in the behaviour of the solution 
on electrolysis. When an aqueous solution of one of the 
double cyanides or double chlorides is electrolyzed, both 
metals do not separate at the cathode, but one of them 
appears at the anode with the acid radicle. A solution of 
sodium platinochloride, for instance, on decomposition by 
the electric current, yields sodium as the cation, whilst 
the heavy metal goes with the other anion to the positive 
electrode. On electrolysis of the double salts proper, as, 
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for example, the double sulphates, both metals appear at 
the cathode; in this case the constituent salts are not 
combined in solution, whilst in solutions of the double 
cyanides combination does exist. 

No sharp line of distinction can, however, be drawn 
between the two classes of salts. Certain substances, of 
which potassium cadmium iodide is one, when electrolyzed 
in dilute solutions behave as a mixture of the constituent 
salts, and in concentrated solutions as a compound of those 
components. 

A ready explanation of the phenomena attending the 
solution of double salts is found in Willard Gibbs' phase 
rules. In general, equilibrium can be established between 
two salts and their aqueous solution in an open vessel 
through a certain range of temperature, three phases 
existing. The pressure, however, being constant, the equi- 
librium is defined at each temperature ; it would hence be 
expected that if two salts rest in contact with their solution, 
the latter should always possess the same composition at 
the same temperature. The composition of the solution 
should also be independent of the weight of the mix- 
ture of solid salts with which it is in contact. Most 
pairs of salts do behave thus ; many salts, however, are 
anomalous in this respect, and allow of the preparation of 
several saturated solutions which at one and the same 
temperature contain the two salts in difierent proportions. 
Such pairs of salts are those which are capable of com- 
bining to yield double salts, and their peculiar behaviour is 
readily explicable. For, if the two salts A and B can 
combine to form a double salt, AB, a fourth phase is 
possible. Three substances (water and two salts), if present 
in four phases, can only be in equilibrium in an open 
vessel at one fixed temperature ; if the three solid phases, 
A, B, and AB, are brought into the solution at any 
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temperature but this, readjustment will proceed until 
equilibrium is restored by the total conversion of one of 
the solid phases into either one of the other two. This 
readjustment may, however, take different directions. The 
double salt AB may separate, being formed by the solution 
of the simple salts A and B ; equilibrium will then occur 
when one of the latter is wholly consumed and the solution 
is saturated with respect to the remaining simple salt 
and the double one. The final result, as regards the 
composition of the saturated solution, depends obviously 
upon the proportions in which the simple salts A and B 
were originally present. Another possible case is realized 
if the solution wholly consumes both simple salts and 
remains saturated with respect to the double salt AB alone. 
Under certain conditions the change may proceed in yet 
another direction, the double salt AB may dissolve whilst 
the simple salts A and B are thrown out of solution; 
equilibrium will then be established when the double salt 
has been completely consumed, and the solution remains 
saturated with respect to the two simple salts. Which 
kind of adjustment or equilibrium will occur in any special 
case naturally depends, first, on the solubility of the 
individual salts A, B, and AB, and secondly, on the pro- 
portions in which they are originally present in contact 
with the solution. In general, then, four distinct states 
of saturation-equilibrium are possible under atmospheric 
pressure for a pair of salts capable of forming a double 
salt ; the solution may be saturated — 

I. With respect to the double salt AB alone. 

a. With respect to the double salt AB and the simple 
salt A. 

3. With respect to the double salt AB and the simple 

saltB. 

4. With respect to both the simple salts A and B. 
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On investigating the double sulphate of copper and 
potassium, K2SO^,CuS04,6H20, Trevor found that the four 
possible eases of equilibrium enumerated above are realized 
under the following conditions : — 

1. When the solution contains ii'i4 per cent of the 

double salt. 

2. When the solution contains 4-04 per cent of KgSO^. 

3. When the solution contains 1-44 per cent of CuSO^. 

4. When the solution contains 5-2 per cent of KgSO^ and 

iO'4 per cent of CuSO^. 
Saturated solutions possessing definite compositions^ 
between the above limits cannot be prepared ; readjustment 
always occurs, until one of the four kinds of equilibrium is 
established. All double salts behave similarly, so that the 
phenomena of replacement which have been observed for 
many years by Karsten, von Hauer and Riidorff in con- 
nexion with such substances can be very simply explained. 

* That is, saturated solutions at the temperature (25°) to which the 
numbers given above refer : the composition of the saturated solutions 
representing these four states of equilibrium would of course change 
with the temperature. 



CHAPTER IX. 

Origin and Growth of Crystals. 

One of the most important problems of science relates 
to the origin and growth of crystals, and the empirical 
laws which govern crystallization. The importance of 
this question is only second in magnitude to that of the 
beginning and development of living organisms, and yet 
but little attention has hitherto been paid to it. The 
improvement of the microscope was accompanied by re- 
markable progress in the study of anatomy, physiology, 
and the life history of plants and animals; the value 
of this instrument in the investigation of the phenomena 
attending crystallization was, however, not recognized 
until the work of Sorby in 1858. Before that time 
numerous observations on the process of crystallization 
had been made, but the results were very unsatisfactory ; 
and interest in the subject had suffered consider- 
able diminution, owing to the recollection of the many 
futile investigations undertaken from rashly speculative 
premises in the hope of arriving at valuable theoretical 
results. On the whole, however, as the microscopic exami- 
nation of rocks gained in importance from the work of 
Sorby,Vogelsang, Zirkel, and Rosenbusch, and the methods 
of recognizing and examining micro-crystals became more 
perfect, attention was more and more directed towards 
the question of the formation of crystals. 
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In the preceding chapter it is pointed out that crystals 
may be produced by three different methods, i. e., by 
separation of the solid substance from the gaseous, molten, 
or dissolved state. Whether chemical change occurs during 
the deposition is not of prime importance, since a chemical 
precipitate is only obtained in the crystalline condition 
when the solid substance is, to a certain extent, soluble in 
the solution from which it is thrown down. 

The physical laws governing these three methods of 
formation of crystals have been fully discussed above, and 
show such complete accord in all essential respects, that 
what is true for the separation of crystals from a liquid 
solvent, may be at once applied to the two other methods 
by which crystals may be formed. Two cases of crystalliza- 
tion are, however, hardly embraced by either of the three 
general methods enumerated above ; crystals may be formed 
by electrolysis of a metallic solution, or by the conversion 
of one solid physical isomeride of a substance into another. 
Leaving these two cases out of consideration, the em- 
pirical law governing crystallization may be stated in the 
following terms. When a substance separates from a solu- 
tion in the crystalline form, owing to withdrawal of the sol- 
venty the crystals are the more irregular in shape, in proportion 
as the separation occurs with greater rapidity, in proportion as 
the solvent is more viscid, and in proportion as the substance 
is less soluble ^. This statement applies more particularly to 
crystallization from a solvent, as the process of crystalliza- 
tion from the molten or gaseous state can only be followed 
with difficulty, when at all, by microscopic observation. 
Crystals bounded by plane faces, showing no re-entrant 
angles, are only obtained if the growth proceeds normally ; 
by the action, however, of certain imperfectly understood 
disturbing influences, such re-entrant angles are formed, 

' Lehmann, Zeitsch, f, Kryst. i. 453. 
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and very quickly develop themselves over the whole mass 
of the crystal, at a rapidly increasing rate. A secondary 
auxiliary growth is then deposited on this, then a tertiary 
one, and so on ; the crystal thus ultimately becomes 
bounded by curved &ces, or by plane surfaces showing re- 
entrant angles. During this action the structure remains 
quite regular, and, if the conditions of normal growth be re- 
established, the gaps quickly become filled up, and a 
perfectly regular crystal results from the crystalline 
skeleton ; the latter is, however, readily distinguished from 
the normal growth by the presence of small cavities 
containing liquid. If the conditions are so altered that 
the habit of the crystal is changed, an alteration of the axes 
of maximum growth always results, and in such a manner, 
that the most acute parts of the crystal remain the parts of 
most rapid growth. 



CHAPTER X. 

FOBMATION OF CbYSTALS. CRYSTALLITES* 

According to the most generally recognized theory, 
the formation of a crystal results from a regular deposition 
of its smallest particles. In the formation of a crystalline 
individual, therefore, the freely moving liquid molecules 
present in the solution must lose their independent motion 
and assume some definite position of equilibrium, by the 
operation of their internal forces. Many attempts have 
been made to follow this process by the aid of the micro- 
scope ; these attempts have, however, resulted in failure, 
as will readily be understood when it is considered that, 
according to physical investigations, the molecules or their 
spheres of action would have to be some thousand times 
greater than they actually are, in order to be perceived 
with the aid of the most powerful instruments. There 
is, further, little hope of future success in this direction, 
for even with the instruments now in use, it can be seen 
that diffraction phenomena will soon limit the application 
of greater magnifying powers. If, however, we cannot hope 
to observe the first stages of crystalline development by 
means of the microscope, the work already done in this 
direction possesses the greatest interest. 

The earliest investigation instituted with the view of 
founding a theory of the genesis of crystals upon micro- 
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scopic observations appears to be that of Link ^. He found, 
more particularly in the case of calcium carbonate, that 
the deposit or precipitate first appears in the form of tiny- 
liquid globules, which subsequently pass from this inter- 
mediate stage into the solid crystalline condition. Schmidt^ 
was led to a similar conclusion by an investigation of asarone, 
a substance extracted from the roots of Asarum euro^aum ; 
the addition of water to an alcoholic solution of this com- 
pound causes a turbidity which on microscopic examination 
is found to consist of numbers of minute spheres suspended 
in the solution ; after a short time, these easily movable 
minute drops unite in fours, and subsequently fall together 
building up a sharply-defined figure. The latter then 
continues growing by the addition of more tiny globules 
until a complete crystalline individual ultimately results. 
Prankenheim, from very comprehensive experiments on 
this subject, drew the conclusion that crystallization is 
primarily due to the formation of tiny supersaturated 
globules; these then become more and more free from 
solvent, and gradually solidify to small isotropic spheres. 
These particles received from Vogelsang^ the name of 
glohulites ; he observed their formation during the evapora- 
tion of a carbon bisulphide solution of sulphur thickened 
with Canada balsam. Vogelsang recognized these globulites 
as an embryonic state of the tnie crystalline form; the 
time of duration of the globulitic state is mainly dependent 
on the viscosity of the solution. Vogelsang thus de- 
scribes the further development of the globulites. * The 
globulites are endowed with a certain regular molecular 
motion (force of crystallization) by virtue of which they 
are enabled to attract one another, to group themselves 
together, and to combine or arrange themselves in definite 

* Fogg. Ann, 46, 258 (1839). * Lieb, Ann, 53, 171 (1845). 

' Die KrystdUiten, Bonn, 1875. 
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forms. The attractive forces causing this arrangement 
are not equal in all directions, but are in general symmetri- 
cally distributed, and are more or less influenced in their 
action by the resistance introduced by the physical conditions 
of the surrounding medium. If the direct, complete poly- 
hedral grouping together of several globulites is prevented 
by external influences, transition forms — regular aggregates 
of globulites — known as crystallitea are produced.' 

If the resistance exerted by the solvent is considerable, 
the globulites at first arrange themselves in . rows ; these 
figures, resembling strings of beads, are known as margarites. 
Several of these margarites then amalgamate, giving acicular 
or acutely conical forms, termed longulites ; the longulites 
are, however, frequently formed directly from the globulites. 

The so-called crystalloids represent a still higher stage in 
the development of crystallites; they possess a simple 
characteristic form, and are firequently doubly refracting. 
The most perfectly developed form of the crystallite is 
the complete crystal; according to Vogelsang, however, 
this completion can only take place when the solvent 
opposes but a slight resistance to the operation of the 
molecular forces acting between the globulites, for with- 
out further aggregation of the globulites the finished 
crystal cannot be formed ^. 

Such an explanation of the process of crystallization 
possesses many attractions. It affords a simple explana- 
tion of a fact well known to every analyst, i.e., that 
precipitates, such as ammonium magnesium phosphate, 
frequently do not completely separate from the solution 
immediately after deposition commences, but only after 
long standing. Addition of a trace of some solid substance, 
or vigorous agitation of the liquid, exerts a great influence 
on the separation. Further, it renders comprehensible the 

^ Vogelsang, Die KrystdUiten, 
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fact that freshly deposited precipitates often pass readily- 
through a filter paper, and only lose this property after 
long standing. Again, a most simple explanation is 
apparently afibrded of numerous phenomena of super- 
saturation of solutions containing substances which do 
not crystallize with water. 

The theory developed by Vogelsang has not been ac- 
cepted altogether without opposition. Behrens^ argues 
from many interesting experiments that a distinction 
must be drawn between continuously and discontinuously 
developed crystals ; only the latter, he considers, owe their 
formation to globulites. Behrens agrees with Vogelsang 
in assigning the cause of these endeavours to separate in 
the crystalline form, to an orientated distribution of the 
attractive forces ; he arrives at this belief principally on 
the ground of observations made on picric acid and its 
salts. Clearly such a supposition aflFords a ready explana- 
tion of the frequent occurrence of skeletal growths. 

Knop^, similarly, by the supposition of a non-uniform 
distribution of the forces of crystallization about axes of 
maximum attraction, has explained certain phenomena 
of growth observed by him amongst the chlorides of the 
alkali metals ; Sadebeck ^ subsequently employed the same 
line of argument in a similar manner. Such hypotheses 
as these must, however, be regarded as erroneous and 
superfluous; Lehmann has fiimished* an explanation of 
the simplest kind which holds with considerable consis- 
tency for most of the phenomena noticed in the course 
of crystalline development, and demands no such assump- 
tions as had previously been made. The steps in the 
formation of (jrystallites and in the growth of crystals, 

^ Die Krys^aXLiixny Kiel, 1874. 
* lfo2eA:u2!arA;ons^i^^um unA Wachsthum der KrysMle^ Leipzig, 1867. 
' Angefujandte KrystaUographief 1876. * Zeitsch,/. Kryst i. 453. 
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mosty moreoTer, be r^faided as of an entiielj difi^rent 
character firom tiiose aboTe desciibed. Aecording to Leh- 
maniiyit is absoloteljimnecessaiy to make anj assumption of 
the operation of polar attractiYe forces, eyen to explain the 
combination of the globolites ; a satisCsM^toiy explanation of 
the &cts is fomid in the molecular movements (Brownian 
or pedetic motion) peculiar to the globolites^ and in 
the coirents caused bj capillary forces. It can thns be 
shown that no polarized or orientated forces are at work 
dnring the growth of crystals. Should the direction of 
most rapid crystalline growth be also that of maximnm 
attraction, then daring a reversal of the process of growth 
by re-solution of the crystal under the conditions existing 
whilst the rudimentary skeletal form was built up, this 
direction of greatest rapidity of growth should be the one 
most slowly attacked during re-solution. The opposite of 
this is, however, found to be true. If a skeletal form be 
dissolved under the conditions which held during its growth, 
the sharp edges disappear most rapidly, and shortly before 
complete solution occurs, the mass invariably becomes of 
a spherical or ellipsoidal shape. 



B 



CHAPTER XI. 

The Process op Crystalline Growth. 

An explanation of all the phenomena attending the 
growth of a crystal was sought for and found by Lehmann 
in the variations in the concentration of the solution 
immediately surrounding the growing crystal. He con- 
cluded, that if a crystal be placed in an exactly saturated 
solution of the substance, further growth is impossible, but 
can only occur when the solution increases in concentra- 
tion. It is consequently necessary to crystalline growth 
that a certain supersaturation^ however small, should be 
set up ; on introducing a crystal at any point in such a 
supersaturated solution, the solution in the immediate 
neighbourhood of the crystal will become impoverished, 
and growth will therefore be arrested until the original 
state of supersaturation is restored by difiusion from the 
surrounding liquid. The concentration in the vicinity 
of the crystal is consequently dependent, firstly, on the 
rapidity of crystalline growth and, secondly, on the strength 
of the diffiision currents. The greater the first is in com- 
parison with the second, the more considerable will the 
disturbances of the concentration become ; of what kind 
these disturbances are, may be gathered from the following 
discussion. Suppose an ideal case, in which the crystal 
only withdraws matter from the solution, without itself 
at the same time increasing in size, and in wl h the 
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substance withdrawn from the solution is continually and 
regularly replaced by diffusion currents ; the crystal surface 
will evidently be a * surface of equal potential,' since the 
same degree of concentration — saturation — exists all over 
it. Similarly, a sphere described about the middle point 
of the crystal and sufficiently distant from it, is also a 
surface of equal potential, since the concentration pre- 
vailing all over it is appreciably the same as that of the 
liquid far from the crystal. The difference of concentra- 
tion between these two surfaces is the same in all directions ; 
the distance between them varies, however, in accordance 
with the shape of the crystal. Any intermediate surface 
of equal potential will be one intermediate in shape between 
the crystal and the sphere, and will project most where 
the edges and comers of the crystal stand out ; these parts, 
then, are those at which the surfaces of equal concentra- 
tion are nearest to each other, and consequently also the 
strongest diffusion currents occur. 

A very good idea of the actual course followed during 
growth is obtained, by supposing the approximate con- 
ditions attending crystallization in the ideal case to be 
altered at very short intervals. Suppose the crystal to 
have grown under the ideal conditions mentioned above ; 
its volume at the beginning of the second small interval of 
time is greater at every point than that during the first 
period of time, by a quantity proportional to the amount of 
substance deposited there. Further, the amount of dis- 
solved matter in the immediate vicinity of the crystal is 
less by the amount which diffusion has failed to replace ; 
th| crystal is thus surrounded by a layer of dilute solution. 
Obviously, under such circumstances, further growth is for 
the moment impossible, and can only again proceed when 
a certain minimum supersaturation of the solution is once 
more established around the crystal ; thus, the conditions 
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are once more the same as at the begmning of the first 
period of time. Now, this cycle of operations will not be 
of the same periodicity at all positions on the sor&ce, but 
will be more quickly performed at those points against which 
the strongest difiiision currents play, and at which, conse- 
quently, growth recommences most rapidly. By adding^ 
together these small intervals of time and the small incre- 
ments of the work of crystallization performed daring 
them, it is easily seen that the crystal grows most rapidly 
at its comers and edges ; in these directions indeed, growth 
proceeds with ever accelerated velocity since the amount 
of projection of the edges continually increases. The 
acceleration must be a decreasing one, inasmuch as a de- 
crease in concentration causes a diminution in the speed 
of growth. Further, renewal of the supersaturation by 
cooling will cease so soon as the temperature of the 
solution attains that of surrounding bodies. 

If the concentration of the solution decrease to such an 
extent that the crystal scarcely increases farther in size, 
the growth will again become regular ; the skeletal outline 
of the crystal will become filled in and the edges and 
comers of the crystal will appear very sharply and regularly 
defined. The crystal will now behave like an irregular 
crystalline fragment, irregularities in the sur&ce being 
gradually filled up, until at length the complete form is 
attained. In general, therefore, a crystal growing with 
sufficient rapidity in a solution in which diffiision does 
not proceed satisfactorily, will grow most rapidly in the 
direction in which the crystal is most acute. Further, 
although the speed at which the substance separates may 
be increased by rapid evaporation or by cooling, the dif- 
fiision is, at the same time, hindered by increased 
viscosity of the solution or the decreased solubility of the 
substance. The general law of growth enunciated above, 
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or at least the principle underlying it, may thus be 
explained on theoretical grounds. 

It is easily seen from the foregoing that the speed of 
growth should vary with the habit of the crystal ; the 
formation of so-called secondary and tertiary branches can 
also be readily accounted for. The curved contour lines of 
the first single stem of growth endeavour, in accordance with 
a general property of crystals, to become true crystalline 
faces. In the first place then a secondary ofishoot will 
form upon the side face of the parent stem and in the 
neighbourhood of the outgrowing point, but outside the 
special area which alone is suflGlciently and continuously 
supplied with the materials for growth. The new ofishoot 
will then be exposed to the full action of the diffusion 
current, which will thus adopt a new direction and there- 
fore strike the offshoot with increasing velocity, forming 
a complete secondary branch. The primary stem will 
by this time have considerably increased in length, and 
a new secondary branch will spring from it at a point 
outside the range of influence of the first, later on a third 
will make its appearance, and so on. During the growth 
of the parent stem, therefore, its sides will become studded 
with secondary branches, which should naturally be parallel 
to each other. In an exactly similar manner, tertiary 
branches will spring from these secondary ones, and so on. 
This explanation of the secondary and tertiary growths 
which was given by Lehmann is in very satisfactory ac- 
cordance with the observed phenomena, and is probably 
a true one. It may indeed be objected that the funda- 
mental assumptions respecting the concentration of the 
solution round the crystal might not represent the truth ; 
it might be supposed that the solution in the immediate 
vicinity of the crystal is more concentrated owing to some 
local surface action. Lehmann has, however, shown that the 
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area of relatively dilate solution round the crystal, which 
is essential to the theory, does in reality exist, and may be 
recognized by the following phenomena : — i. The difference 
of colour of the solution in the neighbourhood of the crystal. 
2. The currents in the liquid caused by variations in the 
density of the latter. 3. The partial cessation of growth 
ensuing when two crystals are placed near each other in 
the solution. 4. The phenomena of dissociation observed 
in the vicinity of a growing crystal. 5. The dissolution 
of more easily soluble modifications of the substance in the 
neighbourhood of a growing crystal. 6. The solution of 
compounds containing water, or of physically isomeric 
modifications of a substance, near to a growing crystal 
of another compound or modification. 7. The solution 
and chemical changes of foreign bodies. 8. The variations 
in the refractive index of the solution near the growing 
crystal. 9. The currents induced in the solution by 
changes in the operative capillary forces. The two cases 
of formation of crystals additional to the foregoing, i. e., 
that depending on the changes of physically isomeric 
modifications, and that attending electrolytic separation, 
are also readily dealt with by the above method of explana- 
tion. If the formation of the crystalline skeleton is not 
the result of maximum attraction in one special direction, 
but originates in powerful diffusion currents, such skeletal 
structures cannot be formed during change of one crys- 
talline form into another in the solid state, since diffusion 
currents then naturally become impossible. This, how- 
ever, certainly t^ikes place, and has been shown to hold 
without exception in all the observed eases of this nature ^. 
Crystals of a stable modification, as a rule, develop in the 
mass of a more unstable modification with beautiful 
plane faces ; iu other cases, however, the new form grows 

' Lchmaun, Ztif$<Kf. ^rysf. i. 627. 
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irregularly. This latter phenomenon is, in all probability, 
conditioned by incomplete homogeneity of structure, in- 
ternal tension, &c. 

The electrolytic deposition of metals should naturally 
give rise to rudimentary forms of growth, such as occur in 
the crystallization of supersaturated solutions; the same 
considerations respecting the concentration of the solution 
in the vicinity, of the growing crystals are evidently 
applicable to both cases^ in so far as the quantity of un- 
decomposed or undeposited substance is concerned. Besides 
this, however, a new factor comes into play, inasmuch as 
the first separation of substance or the most rapid de- 
position of crystal occurs at the point at which the differ- 
ence of potential is the greatest. Since the maximum 
potential difference exists at the projecting points, no 
further discussion is necessary, inasmuch as what has 
been said respecting the surface of equal concentration 
round the growing crystal is equally valid for the surface 
of equal electrical potential. 

This question has been specially examined experimentally 
by Lehmann ; in his investigations a four-sided metal 
leaflet, resembling a crystal of metallic tin, was used as one 
electrode in a very dilute solution of boiled milk. The 
fatty globules served as non-conducting spheres, which 
on passage of an induction current acquired electrical 
polarity, and by aid of the microscope were seen to arrange 
themselves in clusters resembling strings of beads, in such 
a manner that the surface of equal potential projected 
furthest at the extreme corners of the metallic leaflet. 
Hence, using an actual crystal of tin and a solution of 
stannic chloride in place of a model and a solution of milk, 
the growth should be most rapid at the comers of the 
crystal ; this was found by experiment to occur, although 
the observations could not be made with ease owing to 



56 Chemical Crystallography. [ch. 

the fact that several crystalline individuals usually spring 
from. the one electrode and thus break up the equipotential 
surface. Consequently, during the galvanic deposition of 
crystals, this distortion of the equipotential surface comes 
into play, in addition to the differences of the concentration 
of the solution. Since both influences act in the same 
direction, skeletal growths are very readily obtained in 
such cases ; hence, in order to obtain well-developed crystals 
by electrolysis, it is necessary to employ very weak currents, 
so as to reduce the speed of growth to a minimum. 

The value of Lehmann's theory of the growth of crystals 
rests not merely on its experimental basis, but is also en- 
hanced by the ease with which it fully explains most pheno- 
mena of irregular development of crystals, more especially 
the following: — i. The increasingly accelerated growth of 
ciystals at the corners, and the formation of secondary and 
tertiary branches. %, The alterations in the directions of 
growth with the crystal habit. 3. The favourable influence 
on the formation of skeletal growths exerted by rapid de- 
position and sparing solubility of the substance, and by 
great viscosity of the solutions. 4. The tendency towards 
the assumption of a spherical form exhibited by dissolving 
crystals. 5- The non -occurrence of skeletal growths during 
molecular changes of physically isomeric substances. 6. The 
readiness with which skeletal forms are obtained during 
electrolytic separation. 

It should be remarked that this theory of the growth 
of crystals, though so complete in itself, disregards alto- 
gether the fact that heat is liberated during the process of 
crystallization. This, as Wulff has remarked ^, must tend 
towards considerable complication of the process, although 
the final result might not be essentially changed. It 
should be remarked, that the formation of a layer of dilute 

1 Zeitsch.f, Kryst, ii. 120; compare Lehmann, ibid. x. i, andxli. 391. 
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solution immediately round the crystal by separation of 
solid matter, acts in the same direction as the heat evolution 
attending that separation. Further, the influence of the 
heat evolution tends to increase the action exerted by the 
deposition of solid on the shape of the equipotential surface. 
The difiusion currents would thus be still more strongly 
directed against the edges and comers of the growing 
crystal. If the liberated heat itself cause difiusion currents, 
these would be of such a kind that on their increasing in 
strength owing to separation of substance, warm and light 
layers of liquid would be conducted away from the comers 
and edges of the crystal; for not only would heat be given up 
more readily from the crystal angles, but at those parts also 
the most rapid growth already occurs. Consequently, fresh 
supersaturated solution would be brought most rapidly to 
the sharp edges ; the growth at these parts would thus 
not be hindered by the liberation of latent heat, but even 
promoted, and the convection currents would coincide in 
direction with the diffusion currents. 



CHAPTEK XII. 

Structubal Anomalies. 

A CONSIDERATION of the so-called anomalies of crystalline 
structure is of the same prime importance to a correct 
appreciation of the nature of the crystallizing process as 
a knowledge of the rudimentary forms of growth ; these 
anomalies have also been fully investigated by Lehmann. 
On the ground of his own observations and those of others, 
as well as on that of the microscopic investigation of rocks, 
the different cases of anomalous crystalline structure may 
be classified in two groups. During the formation of a 
crystal the arrangement of the crystalline elements may 
change in a perfectly continuous manner and thus cause 
the crystal to assume a curved form ; such an altera- 
tion may, however, also occur abruptly, giving rise to 
dendritic growths. Both cases almost invariably arise 
together. 

The empirical law governing the occurrence of such 
anomalies may be stated as follows : — The free operation of 
the forces of crystallization is checked by either an increased 
viscosity of the solution or a decreased solubility of the 
substance, to an extent which more or less hinders the 
parallel deposition of the molecules. The force of crystal- 
lization does indeed resist these influences, for crystals 
which have become curved in consequence of these causes, 
seem, whilst they are still very thin, to strive against 
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the curving, and tend to become straighter on further 
growth; they exhibit signs of internal tension but are 
still distorted to a greater or less extent according to the 
prevailing conditions. 

So-called dendritic growths frequently occur, especially 
when a crystal, during the process of growth, happens to 
meet some other solid body. The branching usually occurs 
in such a manner that the acutely developed parts of the 
crystal are split up into a brush-like form. The symmetry 
of growth is then still further destroyed in a somewhat 
similar manner by an apparent bending of the individual 
twigs, thus giving rise to curvature of the crystal as 
a whole. 

All these phenomeAa can be completely explained by 
a consideration of the nature of solution. It will be at 
once apparent that if the solution attains so high a degree 
of viscosity as to approximate to the solid state, a point 
must at length be attained when the molecules are no 
longer capable of uniting to form a crystal. Just before 
reaching this state, however, the molecules will still be 
deposited, but with much greater diflBculty than from 
more mobile solutions ; the degree of supersaturation will 
hence have to increase considerably before separation can 
occur. This is, as a matter of fact, found to be true. A 
similar state of afiairs occurs in the case of spai'ingly soluble 
substances, since the distribution of the dissolved Inatter 
through a relatively large quantity of liquid must be emi- 
nently unfavourable to the combination of the molecules. 
Now an increase in the degree of supersaturation carries 
with it a widening of the sphere of action of the crystal, 
that region in which the force of crystallization still exerts 
an appreciable opposition to the solvent action of the liquid ; 
it is also to be observed that the force of crystallization, 
being a molecular force, rapidly decreases as the distance 
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increases. The greater, however, the distance from which 
the molecules are drawn for direct insertion in their posi- 
tions in the crystalline edifice, and the more viscid the 
surrounding solution, so much the less is it possible that 
the molecules shall be properly orientated before deposi- 
tion. It is hence readily seen that in such cases, irregular 
structures of the same kind as those actually observed 
should result ; the accordance between theory and experi- 
ment is thus complete. If the molecules really possess a 
tendency to deposit themselves in parallel positions, they will 
strive to exercise this power, even if complete attainment of 
the end is impossible. Under such conditions a gradual 
deflexion of the direction of crystallization results ; this 
is observed occurring in the most *perfect manner in the 
growth of the brush-shaped forms spoken of above. If this 
ramification can proceed with equal ease in all directions, 
spherical forms consisting of numerous radially disposed indi- 
viduals are produced ; these are the so-called sph(^rocrystals. 
Sometimes the curvature is determined towards one or the 
other side ; this is found to be more particularly the case, 
when the growing crystal possesses one oblique terminal 
face. One direction is then more subject to deflexion than 
another; further, it is seen that the curvature of the 
crystal changes with the development of one or another 
terminal face. 

On bringing a curved crystal into more favourable con- 
ditions for growth, the new molecules which are deposited 
would naturally tend to arrange themselves regularly. 
A pressure would thus be exerted on the concave side and 
a pull on the convex one, so that the crystal should strive to 
straighten itself; experiment shows that this does actually 
oocnr. 

A iiriA r^aa^ in which the 

, and the viscosity 
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has increased to solidity, shows that the substance must 
separate in an amorphous (or better, structureless) state, in 
which the molecules are deposited with an entire absence 
of regularity. In practice there are two, and only two, 
methods of obtaining a substance in the amorphous con- 
dition : — (i) By chemical precipitation of the substance 
from reagents in which it is absolutely insoluble, in which 
case the precipitate takes the form of a pellicle separating 
the two reacting liquids, as in the precipitation of metallic 
sulphides by ammonium sulphide ; and (2) by rapid concen- 
tration or cooling of the viscous solution or molten magma 
to the solid state, as in the formation of amorphous sulphur 
or sulphur globulites. 

Since, in the end, hindrances to crystallization consist 
principally in the immobility of the molecules, it might 
be expected that crystallization would attend artificial 
disturbances of the solid mass. This is, in fact, the case, 
for, on scratching or subjecting to pressure substances 
which do not possess extreme solidity or lack of viscosity, 
crystals invariably make their appearance and slowly grow, 
generally giving rise to sphsBrocrystals. This kind of 
* devitrification ' seems to proceed gradually and spon- 
taneously during a long period of time, chance bringing 
several molecules together in such a manner that they can 
combine to form a crystalline nucleus. Several examples 
at least which illustrate this are known, such as the 
crystallization of amorphous sulphur and of certain slags. 
As to the extent to which the formation of a crystal is 
affected by the viscosity of the substance, it may be a priori 
asBomed to be very difierent in different cases, according to 
the intensity of the force of crystallization. It may thus 
well occur, and is indeed frequently observed, that one con- 
gidtaent of a solution may separate only in sphserocrystals, 
whilft another component assumes almost its normal form. 
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So long as no means exist of accurately defining the 
' force of crystallization ' in its attractive and its directive 
capacities, so long will it be impossible to predict what 
particular degree of viscosity is necessary to the formation 
of spherulites of one or another substance. 

The formation of twin-crystals, that is, the deposition of 
the molecules in regular, but not parallel, positions, must 
also be attributed to this inhibitive action of the solvent. 
This is demonstmted by the following experiment with 
barium chloride, a substance which under ordinary condi- 
tions possesses only a slight tendency to form twin- 
crystals. If a solution of barium chloride thickened with 
gum be concentrated or cooled, a deposit of beautiful tree- 
like crystals is obtained ; the branches of these are the 
more numerous and delicate, as the solution is the more 
viscid and crystallization is the more rapid. Careful 
examination shows that the primary and secondary twigs 
are always in the position required by twinning. The 
frequent twinning observed on naturally occurring crystals 
is possibly due to this same cause, more especially as the 
substances concerned, are, for the most part, sparingly 
soluble, and are often deposited from viscous solutions. 
When easily soluble substances are dealt with, as is usual 
in the artificial preparation of crystals, twins are of com- 
paratively rare occurrence. Although the factor essentially 
responsible for the structural anomalies of crystals deposited 
from dilute or viscous solutions, is the influence of the 
solvent on the forces of crystallization treated of above, 
other disturbing causes are frequently operative ; these are 
partly connected with capillary forces, and partly with the 
force of crystallization of foreign substances. To the former 
category of disturbing influences must be relegated those 
forces which induce the continual renewal of a thin layer of 
liquid between a growing crystal and the solid wall of the 
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containiiig vessel ; this influence is seen at work in the 
phenomenon of efflorescence. 

Many phenomena which are as yet but incompletely 
understood belong to the second category ; of which a very 
beautifiil illustration is furnished by cupric chloride. This 
substance separates from its hot ammonium chloride 
solution in cruciform twin-crystals, but is deposited from 
its pure aqueous solution in beautifril lustrous needles. 
In general, this change in habit is more often shown if 
the mixed substances are chemically related or have some 
tendency to form double salts. 

The influence of a foreign crystalline substance upon the 
crystallization of another compound is frequently shown in 
the regular growing together of two crystals of quite 
different kinds, as, for example, rutile and specular iron, 
copper pyrites and fahlore, soda and potash felspars, and 
also in the case of calcite and sodium nitrate where the 
one substance ultimately envelopes the other. 

A complete explanation of all these phenomena will only 
be possible when the crystalline structure of each substance 
concerned is completely determined ; the observation of 
such anomalies should, however, furnish many stepping 
stones towards the future attainment of such a knowledge. 



CHAPTEK XIII. 

The Occurrence of Different Simple Crystalline 

Forms. 

It is a generally known fact that the simple forms 
assumed by a substance may be quite different according 
as the conditions of crystallization vary. Certainly, many 
individual cases are known, in which a substance invariably 
takes up the same form during crystallization, but, as every 
chemist is aware, most substances show great variations in 
this respect. Thus, the form and habit of the individual 
crystals of a great number of minerals furnish a fairly trust- 
worthy criterion of the locality from which they were 
originally obtained. Naturally, this dependence of crys- 
talline form on the conditions of growth can only be con- 
veniently traced with readily soluble substances. No satis- 
factory results have, however, been deduced from a very 
large number of experiments made by Frankenheim and 
others with the object of determining this relationship. 
Numerous facts have been collected, as, for example, that 
sodium chloride, which ordinarily crystallizes in cubes, 
separates in octahedra from a solution containing urea, 
caustic soda, potassium oxalate, &c., and that ammonium 
tartrate cannot be obtained in hemihedral forms from its 
pure aqueous solution, but only from one rendered impure by 
decomposition products, &c. The alums also crystallize from 
alkaline solutions in cubes instead of in the usual octahedral 



XIII.] Occurrence of Simple Crystalline Forms. 65 

form. Practically no explanation of these facts has yet 
been given, and no help is aflforded by our present know- 
ledge of the process of crystalline growth. 

Recently, however, some slight grasp of these phenomena 
has been derived from purely theoretical considerations^. 
The total energy of a solid or liquid body may be 
considered as made up of two parts ; firstly, the energy 
possessed by the molecules in the interior of the mass, 
and secondly, the energy of the particles on the surface ^. 
A molecule upon the surface, or upon the boundary, between 
two media, possesses much less mobility than one situate 
in the interior of the mass ; consequently, in increasing the 
surface area, work has to be done against the molecular 
forces. Since, now, whatever form a body assumes, its 
volume remains the same, the collective internal energy is 
independent of the form of the mass ; the energy resident 
in the surface or boundary, however, increases as the sur- 
face increases. If the shape of a body changes, its total 
energy alters by an amount corresponding to the change 
in shape. But, as the energy possessed by a body 
always tends towards a minimum, the mass, unless pre- 
vented by some cause or other, will assume the shape 
which exposes the least possible surface. Thus, liquids, 
when free to alter their shape, take up a spherical or drop- 
like form. The unit of superficial or surface energy is 
represented by the capillary constant, A ; if all the faces 
of a crystal had the same capillary constant, the form 
ultimately obtained would necessarily be that of a sphere. 
If, however, several bounding faces be developed, having 
the areas S, Sj, Sg, . . . . S„ and the capillary con- 
stants A, Aj, Ag, . . . . A„ respectively, the most 
stable form will evidently be that for which the sum 

* Curie, Bufl. Soc, Min.f viii, 145. Liveing, Ckmib. Phil. Soc., xiv, xv. 
' Maxwell, Theory qfHeat, 1885 Ed., p. 280. 
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AS+AiSj + AgSg .... +Ajj Sj, is the minimum. 
Since now all the physical characters of a crystal, and 
therefore also the cohesive forces, vary with the direction, 
it may reasonably be assumed that the capillary constants 
of the different crystal faces differ amongst themselves. 
It is of interest to note that only crystallographically 
different faces should differ in respect to superficial energy, 
whilst crystallographically identical faces would have the 
same surface energy. 

It may be assumed a priori that the capillary constants 
of crystalline faces vary with the temperature, in addition 
to being influenced by the surrounding medium. The 
faces which should be developed and the relative speeds at 
which they should grow could now be determined, if the 
necessary numerical data were given, and no disturbance 
were introduced by structural anomalies. A complete ex- 
perimental investigation of this explanation would present 
very great difficulty and has not yet been carried out ; 
many obsei'vations, however, strongly support the theory, 
whilst none oppose it. If a crystal is placed in a saturated 
solution, it has the power of altering its shape, without, on 
the whole, either giving matter to, or absorbing it from, 
the mother liquor. Leaving the action of gravity out of 
account, such a change can only be caused under ordinary 
conditions and at constant temperature by some change in 
the energy of the surface of separation, and even if the 
temperature oscillate, no definite direction should be given 
to the deformation of the crystal. Such phenomena of 
deformation of crystals in definite directions may be pretty 
frequently observed in actual practice ; as an example may 
be taken the well-known fact, that the larger crystals in 
a solution often tend to increase in size by absorbing the 
smaller ones. The theory described above is hence worthy 
of all attention. 
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Special interest attaches to this subject from the fact that 
Sohncke ^ has endeavoured to establish a relation between the 
surface energy of a crystal face and its ^-^xHAsAface'deniity ; 
the latter represents the number of mass-points, which 
must be supposed to exist in unit area of such a face. 
From a consideration of the structure of particular crystals, 
Sohncke concludes that that crystalline plane which is the 
most thickly studded with mass-points occurs the most fre- 
quently as a crystalline face, being the most readily built up. 
It is hence clear that in a &ce of maximum face-density^ no 
work remains for the molecular forces to perform, since the 
particles can come no nearer together ; the surface energy 
of such a &ce is hence a minimum. These considerations 
thus lead to a kind of connexion between the internal 
structure of a crystal and its external form. 

Sohncke has also attempted to demonstrate a relation 
between the principal cleavage form and the crystalline 
structure by somewhat similar means. His hypothesis, 
however, is not yet placed on a satisfactory basis, and its 
further description would necessitate a full account of the 
properties of space lattices and point systems. 

* Zeitsch.f. Kryst, xiii. 221. 
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CHAPTEE XIV, ^ 

Gexesal Bulbs fob thb Abtifici 
or Ceistals. 

FbOM the consideratione broug;lit for^ 
going chapter, it ia evident that hH endw 
cryetalB of the greatest possible perfeetioOji 
on the following three principles, i. The ( 
must proceed as slowly and uniformly ! 
solution or magma from which the eryetala sfl 
possess the least possible viscosity. 3. The cfl 
substance must be present in the solution in tliu^ 
possible quantity or must be readily Holtthlo. 

The length of time neoaeaij for the firi' 
homogeneous crystal is greatef iii pmpnrtion «- 
(2) and (3) are less completely fnlilf ' 'f"l 
of good crystals should preti(.'iit I 
case of substances readily soluhlt- . 
similar liquids; this is generally ' 
In considering the few exceptionti' 
he forgotten that the power of cr^ > ' 
stance is, in the end, a function oi' iv- 
hence, independently of the mere >••:' :■■ 
attending the crystallization, other iullm ■■ 
work. " 

The principle has been often enunciated t' 
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immobility is necessary to the formation of good crystals, 
so that all shaking should be avoided as much as possible. 
This rule is, however, of only limited application ; Wulff ^ 
showed that it is not the motion of the solution jper %e 
which acts injuriously during the process of crystallization, 
but only a subsidiary action which accompanies the shaking. 
It has been shown above, that during evaporation and 
cooling, layers of different temperatures and different con- 
centrations are formed in a crystallizing solution ; the heat 
liberated by the separation of solid also contributes towards 
this result. Under these conditions any agitation will 
cause the various liquid strata to mix directly, instead of 
becoming mixed by the slower process of diffusion ; further, 
a supersaturation will set in, in all those cases in which 
a rise of temperature of the solution is accompanied by a 
more than proportionate increase in the solubility of the 
dissolved substance. This latter is indeed usually the case, 
and agitation consequently occasions a sudden separation 
of the substance, which prevents the formation of good 
crystals. If, however, these layers of different temperatures 
and concentrations are never allowed to form in the solution, 
movement has no injurious effect. In the process of ' sugar 
boiling,' the solution is undoubtedly in a state of violent 
agitation, yet the most beautiful crystals frequently separate ; 
and Wulff moreover states that better and more regularly 
developed crystals are deposited from agitated solutions 
than from those kept at rest. In order that shaking 
should be without injurious effect, the following conditions 
must therefore be fulfilled, i. The motion must be con- 
tinuous, because during pauses layers of different tempera- 
tures and different concentrations would begin to form, and 
on recommencing the agitation partial supersaturation 
would set in and rapid crystallization would become possible. 

1 Zeitsch.f, Kryst, ii. 120. 
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a. The motion must be of such a kind that the growing 
crystals are continually washed into diflPerent positions, 
otherwise structural anomalies might easily make their 
appearance. 

In this method of preparing crystals it is fiirther neces- 
sary to bear in mind that a separation immediately attends 
the establishment of any considerable supersaturation in 
the solution, even during the continuance of the motion. 
If, therefore, the formation of a crystalline meal, which 
exercises so injurious an effect on the formation of well- 
developed individual crystals, is to be prevented, the de- 
crease in the amount of substance held in solution, caused 
by cooling or by evaporation, must be brought about slowly ; 
all the separating material will thus be taken up regularly 
and normally by the crystals already present. A regular 
distribution of the growing crystals throughout the whole 
mass of solution is also advantageous. Although some 
skill is necessary in order to obtain good crystals from 
shaken solutions, yet the method possesses many advan- 
tages. Evidently, the individual crystals thus obtained 
should be equally developed on all sides, and should realize 
to a greater or less extent the ideal crystalline form. 
This latter condition is ever of the greatest importance 
whenever a hemihedral or hemimorphic substance is being 
handled as well as in many other cases. The process is 
therefore well worthy of trial. 

A general rule, which should also be observed during the 
artificial preparation of crystals, consists in the avoidance, 
as far as possible, of changes of temperature. A partial 
supersaturation of the solution always succeeds a fall in tem- 
perature, and thus a sudden separation can be readily caused ; 
the small crystals so formed, however, are partially re- 
dissolved on warming. If the solution cannot be main- 
tained at a constant temperature, it is at least well to take 
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the precaution of removing the crystals from the solution 
at a time when the temperature has reached a minimum. 
If this be not done, the crystals are often corroded or 
covered with etched-faces, and their measurement is con- 
sequently attended with unnecessary diflSculty. 



CHAPTEE XV. 

Special Methods of Peeparing Ceystals. 

The most important methods ^ which up to the present 
have been employed for the preparation of crystals may 
be divided into five groups, according as the substance 
separates from the gaseous, molten or dissolved state, or 
crystallization occurs through molecular change in the solid 
state, or by electrolytic deposition. 

I. Sublimation. As is well known, the process of 
depositing a substance in the crystalline form from the 
gaseous state is described as sublimation (p. 22). Two 
cases can, however, be distinguished, a<;cording as chemical 
change is or is not concerned. 

I. No chemical reaction occurs during the sublimation. 
Certain substances, such as naphthalene and ammonium 
chloride, may be readily obtained in the crystalline state 
by heating them and subsequently cooling the vapour. In 
a similar manner, crystals of galena, blende, calomel, arsenic, 
&c., are frequently obtained during metallurgical operations 
when the air supply is cut ofi*. The method of preparing 
artificial wurtzite (ZnS) must also be placed in this category. 
Deville and Troost heated amorphous, precipitated zinc 
sulphide, in a porcelain tube, in a current of hydrogen ; the 
volatilized zinc sulphide was thus protected from the action 

^ Fuchs, Die kUnstlich dargestdlten Mineralieny Harlem, 1872. Daubr^e, 
iiudes synthetiques de gedogie eocp^rimentctley Paris, 1879. 
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of atmospheric oxygen and was deposited in crystals on the 
cooler parts of the tube. 

2. The process of sublimation is accompanied hy chemical 
change. Many non -volatile compounds can be obtained in 
a crystalline condition by chemical action between a vola- 
tile substance and a gas ; the process of formation is thus 
combined with one of sublimation, and the crystallization 
occurs with corresponding slowness. Most of the metallic 
sulphides found in nature may be artificially obtained in 
crystals by such a method; stibnite, bismuthite, blende, 
greenockite, and copper and iron pyrites may be prepared 
in the crystalline state by strongly heating the corre- 
sponding metallic chlorides in a stream of hydrogen sulphide. 
Even minerals of such complex composition as red silver 
ore and fahlore can be synthesized in this way. If the 
metallic chlorides be heated in a current of steam, instead 
of in hydrogen sulphide, the crystalline oxides are obtained in 
place of the sulphides. Daubree by this method prepared 
cassiterite, specular iron, and even quartz, whilst Haute- 
feuille synthesized rutile, and Senarmont obtained corundum. 
This kind of process is applicable in many cases and the 
products of the reaction are usually obtained in a crys- 
talline state. Deville prepared magnetite by the action 
of ferric fluoride vapour on boric anhydride, and Daubree 
prepared quartz and various crystalline silicates by the 
action of gaseous silicon tetrachloride on the alkaline 
earths heated to redness. Spinel, gahnite, willemite, and 
staurolite have also been synthesized by similar methods. 

II. Fusion. The deposition of crystals from a molten 
magma fall in general under one of the following three 
heads : — i. When the solidifying substance is chemically 
homogeneous, a. When the separation consists of only one 
constituent of the magma. 3. When the fusion is accom- 
panied by chemical change. 
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I. Crystallization from a homogeneous magma. A series 
of elements, such as sulphur, copper, lead, silver, and bis- 
muth, as well as many compounds, such as bismuthite, stib- 
nite, olivine, augite, felspar, and the easily fusible salts 
of the alkali metals, separate in crystals when melted and 
slowly cooled. The best individual crystals are usually 
obtained by breaking a hole in the solid crust formed on 
the surface of the cooling mass and pouring off the still 
liquid portion. It is, in many cases, unnecessary to melt 
the substance itself, as a mixture of the constituents in the 
proper proportions when heated gives the same result. 
Thus, Mitscherlich in 1823 obtained the cubic copper sul- 
phide by melting two parts of copper with one part of 
sulphur ; he also prepared augite in a similar manner from 
calcium silicate and magnesia. About the same time 
Berthier prepared various silicates artificially, and more 
recently Michel L6vy and Fouque have been enabled to 
prepare all the more important silicates in the same way ; 
amongst others felspar, nepheline, and garnet. 

a. Crystallization of a dissolved substance from a molten 
magma. Molten substances like water or alcohol can serve 
as solvents for other substances ; on cooling or even before 
solidification of the magma the dissolved substance separates 
in the crystalline form. Thus, carbon dissolves in molten iron 
and partly separates in the form of graphite on solidifica- 
tion; Moissan has recently synthesized the diamond by a 
process similar to this. As early as 1845, Ebelmen em- 
ployed boric anhydride as a solvent for the metallic oxides, 
obtaining themin crystals by evaporating off the boric oxide ; 
corundum and spinel were obtained in crystals of 4 mm. 
length by this method. Olivine may be prepared by melting 
together a mixture of silica, magnesia, and boric anhy- 
dride ; a solvent alkali, such as crude potash, may often be 
employed instead of boric anhydride, as in the preparation 
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of olivine. Crystals of perovskite are obtained on heating 
a mixture of titanic oxide, lime and an alkaline carbonate 
to fusion. Gustav Rose in many cases used sodium car- 
bonate, borax and microcosmic salt as solvents, and by their 
aid prepared specular iron, anatase, and tridymite. Sodium 
chloride was also employed by Forchhammer in the syn- 
thesis of apatite ^. 

3. Crystallization earned by ehemical ehange in the molten 
condition. The separation of a dissolved substance from 
a molten magma is frequently accompanied by chemical 
change, and it is then not always easy to determine 
whether the reaction was at an end before crystallization 
began, or whether the two processes proceeded more or 
less simultaneously and were thus mutually dependent. 
A typical case of this kind of crystallization is found 
in the preparation of barytes by Manross, by fusing 
a mixture of potassium sulphate and barium chloride. 
On lixiviating the cooled mass, potassium chloride dis- 
solved, whilst the heavy spar remained in distinct crystals. 
By similar treatment, celestine is obtained from strontium 
chloride and potassium sulphate; anglesite^ scheelite, and 
wulfenite can also be formed from the corresponding 
constituents. The chemical change is, however, not always 
of so simple a nature as in the above-mentioned cases, 
decomposition being sometimes caused by the heat. Thus, 
for example, Debray prepared crystalline magnetite by 
heating a mixture of iron sulphate and phosphate, whilst 
Kuhlmann synthesized the same mineral by fusing calcium 
chloride and ferrous sulphate. Further, Heintz obtained 
boracite crystals by fusing the constituents of the mineral 
with an excess of magnesium and sodium chlorides. 

The separation of many silicates from artificial slags 
belongs properly to this division, since the body of the 

^ 0. Schott, Anorganxache Schmelzverhindungen, Brunswick, 1880. 
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slag has not qaite the same composition as the crystals 
which are deposited, and the formation of the silicates 
composing the latter takes place during the cooling. 
A sharp distinction between cases (a) and (3) is, however, 
not always practicable. 

III. Solution. The preparation of crystals by separa- 
tion of a substance from its solution in a liquid solvent 
surpasses all other methods in convenience and certainty ; 
this process is therefore usually employed when the pro- 
perties of the substance concerned allow of it. The prin- 
cipal solvent used is water, but organic liquids, such as 
alcohol, ether, petroleum, benzene, acetic acid, &c., find 
constant application, more especially in the crystallization 
of organic substances. The separation of a substance may 
result either from simple decrease in the quantity of 
substance capable of remaining in solution, or from 
a chemical reaction. 

1. Crystallization hy evaporating or cooling the solution. 
Since the solubility of a substance is generally less at low 
than at high temperatures, crystallization occurs on cooling 
a concentrated hot solution. The processes of crystalliza- 
tion by cooling the solution and by evaporating off the 
solvent, usually proceed side by side, the solution being 
cooled by spontaneous evaporation and again warmed by 
the latent heat of separation of the crystalline solid matter. 

The more soluble substances, such as the chlorides, 
sulphates, nitrates, &c., are best obtained in good crystals 
by spontaneous evaporation of their solutions at as 
constant a temperature as possible. If the substance 
concerned is highly hygroscopic, the solution may be 
evaporated by heat, or an aqueous solution by standing 
in a closed vacuous space over sulphuric acid. Sparingly 
soluble substances may be often crystallized by carrying 
out both solution and separation at a high temperature 
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and under great pressure. Thus, Senarmont obtained 
crystalline barium sulphate by heating the freshly pre- 
cipitated salt in a hermetically sealed glass tube with 
hydrochloric acid or sodium bicarbonate solution at about 
250** for 60 hours. Similarly, bismuth sulphide was 
converted into bismuthite by heating with potassium 
sulphide, whilst arsenic trisulphide when heated with 
sodium bicarbonate solution yielded realgar. Wohler 
converted apophyllite into well-defined crystals by heating 
it with water in closed tubes at 190°. It is a fact of 

a 

the greatest importance to geology that quartz may be 
obtained by this wet method. A solution of silicic acid 
in dilute hydrochloric acid, best prepared by decomposing 
silicon tetrachloride with water, when heated in closed 
tubes at 200**-300°, yields distinct crystals which may be 
identified with quartz in various ways. 

A decrease in the amount of solid capable of remaining 
in solution may be brought about as follows. A layer of 
the pure solvent is first placed above a saturated solution 
of the substance, then a layer of another liquid miscible 
with the first, but in which the dissolved substance is 
more sparingly soluble; on allowing the whole to stand 
difiusion proceeds slowly and the sparingly soluble product 
of reaction separates in the crystalline form. If any 
difficulty be found in arranging the layers, they may 
be separated by a porous diaphragm, or a slow and 
regular mixture may be ensured by any other convenient 
method. By such a process as this, sulphur may be 
obtained in good crystals; its saturated solution in 
carbon bisulphide being first covered with a layer of 
the latter and then with a layer of alcohol, ether, oil, 
acetic acid or petroleum. Similarly, lead chloride may be 
obtained in crystals by placing layers of hydrochloric 
acid and water on its solution in hydrochloric acid. 
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Lastly, the separation of a dissolved solid substance 
may be brought about by putting into the saturated 
solution some other soluble substance ; partial replacement 
of the one by the other substance then, as a rule, occurs, 
and the dissolved substance separates in crystals. Thus, 
on placing paraflBn wax in a saturated solution of sulphur 
in carbon bisulphide, beautiful pyramids of sulphur are 
formed, and conversely by putting powdered sulphur into 
a solution of paraffin in carbon bisulphide, long lustrous 
needles of paraffin separate. 

1, Crystallization caused hy chemical change. In order to 
obtain difficultly soluble substances in a crystalline form, 
without the application of great pressure, it is sometimes 
convenient to prepare them by the interaction of soluble 
compounds. Naturally, such a separation should proceed 
comparatively slowly, so that sufficient time may be 
allowed for considerable quantities of the sparingly soluble 
substance to assume a regular structure or to crystallize. 
Mac^ obtained lead sulphate crystals at ordinary tempera- 
tures by this means ; ferrous sulphate solution was allowed 
to run slowly into a solution of lead nitrate by means 
of a thread which acted as a syphon. He obtained 
barytes crystals similarly from ferrous sulphate and barium 
nitrate. The means by which mixture is brought about 
is of course of little importance so long as it proceeds 
slowly; diffiision, with or without an intervening porous 
membrane, has been frequently employed. Drevermann 
placed two powdered substances, which furnish a third 
insoluble substance by their interaction, in two fairly tall 
glass cylinders, filled each up with water and stood them 
both in a third larger cylinder containing water, so that 
the smaller cylinders were completely submerged. In the 
course of some months, crystals of the very sparingly 
soluble product of the reaction of the two soluble com- 
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pounds were deposited around the rims of the small 
cylinders; by this method crystals of crocoisite were 
obtained by the slow diffusion of solutions of potassium 
chromate and lead nitrate. Other workers have employed 
diflftision through a porous membrane for the purpose of 
obtaining crystals ; the latter are, however, in this case 
mostly deposited on the membrane, so that towards the 
end of the operation the diffusion is greatly hindered. In 
such cases, it is found convenient to employ two porous 
diaphragms, arranged so that the two reacting solutions 
are initially separated by a layer of water. Sometimes, 
it is impossible to select reacting substances which are 
both readily dissolved by the solvent employed ; if one 
of them is fairly soluble, the following process is often 
applicable. The sparingly soluble substance is put into 
the solution of the more soluble ; the chemical change then 
gradually occurs, and after some weeks or months the 
product is deposited in crystals on the solid mass. By 
immersing plates of gypsum in a dilute solution of sodium 
bicarbonate, Becquerel caused calcite crystals to form on 
the solid gypsum. The same investigator also obtained 
a deposit of vivianite (crystalline iron phosphate) upon 
iron plates placed in a solution of ammonium phosphate. 
Operations of this kind are often hastened by being 
conducted at a high temperature and pressure ; thus 
Wibel synthesized, malachite by heating marble and 
copper sulphate with water in a closed tube at about 
iSo"", and Becquerel obtained a series of other minerals, 
such as aragonite, azurite, &c., by similar means. 

Many reduction processes furnish excellent examples of this 
kind of crystallization ; most solutions of sulphates yield 
the corresponding metallic sulphides in a crystalline form 
when acted upon by organic reducing agents. A number 
of proto-salts, such; as ferrous sulphate, stannous chloride, 

/ 
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&c., cause the separation of the noble metals in the 
crystalline form from their solutions. As is well known, 
certain of the heavy metals, such as bismuth and lead, 
are thrown down in crystals from solutions of their salts 
by metallic zinc. 

Finally, it should be mentioned that some substances 
may be caused to separate from their solutions by the loss 
of gases. An example of this is found in the deposition of 
crystalline calcium carbonate from its solution in aqueous 
carbonic acid, by gradual loss of carbon dioxide. 

IV. Molecular Change. Many solid substances, such 
as iron, silver, and arsenic anhydride, have the power 
of spontaneously changing from the amorphous to the 
ciystalline form, owing to rearrangement of their mole- 
cules. Further, crystalline substances frequently change their 
crystalline form. Such a case is found in the change 
of monosymmetric sulphur crystals, obtained by solidifica- 
tion of the molten element, into an aggregate of ortho- 
rhombic pyramids; a change which is complete after 
a few days' standing. Numerous examples of this same 
phenomenon are met with in the province of dimorphism. 
Apparently such molecular change is promoted by shaking ; 
subjection to high temperature, as well as the presence of 
certain liquids and gases, also exert a considerable influence 
on the result. Thus, at a high temperature and pressure, 
quartz is converted into tridymite, aind Kmestone into 
granular marble. 

Crystallization is often assisted by heating the amorphous 
substance in a stream of gas. By this method Deville and 
Troost obtained most of the metallic oxides in crystals ; and 
in their experiments the nature of the gas used did not 
appreciably affect the result. The beautiful crystals of 
cassiterite obtained by heating stannic oxide in a current 
of hydrogen chloride, owe their formation less to molecular 
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change than to sublimation; since a small quantity of 
tin chloride is formed during the process and carries tin 
oxide away with it during volatilization ; the oxide is 
then deposited in crystals on the cooler parts of the 
apparatus. 

The action of liquids in promoting molecular change 
must be ascribed essentially to their solvent properties, 
even if no actual solution be apparent. In illustration of 
this may be quoted the conversion of amorphous calcium 
carbonate into calcite when left in contact with water, and 
of amorphous zinc carbonate into calamine under similar 
conditions; freshly precipitated mercuric sulphide also 
changes to cinnabar when left in contact with caustic 
potash solution. 

V. Electrolysis. Electrolysis is but seldom applied to 
the preparation of artificial crystals, partly because the 
regular form of the individual crystals obtained is more or 
less spoilt by structural anomalies ; partly also because 
the best crystals can only be grown by the application of 
very weak currents, much time being hence occupied. 
As a rule the crystals required can be prepared with much 
greater ease and certainty by other methods. Electrolytic 
methods are only used for the crystallization of a few 
metals. Thus, Dauber obtained a well-developed crystal of 
silver, consisting of the octahedron and the hexakisocta- 
hedron, by the electrolytic decomposition of silver nitrate ; 
copper and lead were also obtained in distinct crystals by 
similar means. 
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Historical Sketch of Isomorphism. 

It has been mentioned above that Haiiy stated the 
principle that every chemical substance possesses a charac- 
teristic crystalline form, and that substances differing in 
chemical composition cannot occur in the same form. This 
view, so soon as it became known, found general acceptation, 
although certain facts were known before Haiiy's time, 
which were at variance with it. Among these is the old 
observation that copper and ferrous sulphates crystallize 
together from a solution containing them both. De Tlsle 
referred to this fact in 1772, and in 1784 Le Blanc showed 
that, whilst the chemical composition of the deposited 
crystals changes, their crystalline form remains the same. 
He also found that ordinary potash alum will take up con- 
siderable quantities of iron alum without any alteration in 
crystalline form. Vauquelin, in 1797, found the same 
relation to hold between the potash and ammonia 
alums, and in 1816 Gay-Lussac stated that a crystal of 
potash alum will grow in a solution of ammonia alum, 
whilst the crystalline form remains constant. 

The work of Beudant possesses great importance in con- 
nexion with this subject; from a study of the mixed 
crystallization of the sulphates of zinc, iron, and copper, he 
arrived at definite conclusions as to the development of 
one or another form on the * mixed crystals,' and also 
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ascertained with certainty that the composition of the 
individual crystals is not constant. Bernhardi had previously 
remarked that zinc sulphate separates from solution in the 
same form as ferrous sulphate, if a little of the latter salt be 
added to the solution. Beudant then showed that at least 
15°/^ of ferrous sulphate must be added before this pheno- 
menon can occur ; if less than this proportion be present, 
the resulting crystals retain the ordinary form of the zinc 
salt, though at the same time containing a noteworthy 
quantity of ferrous sulphate. He found also that to obtain 
copper sulphate in the crystalline form of ferrous sulphate, 
at least 9% of the latter salt must be present in the 
solution. The same author further stated that all the 
three salts mentioned above may occur in a single crystal, 
and that each of them will crystallize with magnesium or 
nickel sulphate. In order to distinguish them firom 
chemical compounds obeying the law of constant pro- 
portions^ on the one hand, and from mere mechanical 
mixtures, on the other, Beudant described such mixed 
crystals as ^ chemical mixtures '; it cannot be denied that 
the above facts are on the whole correctly coordinated in 
this way. Besides Beudant, Berthollet and von Fuchs 
were the most important antagonists to Haiiy's law. It 
will be easily understood that BerthoUet's opposition was 
the greater inasmuch as he disbelieved the law that 
chemical compounds foUow constant proportions. In this 
lies the explanation of his bringing forward somewhat 
doubtful arguments in support of his case, so that his 
side of the discussion has at present no particular interest. 

Von Fuchs' view is best expressed in his memoir on 
gehlenite written in 18 15. He there states that iron is 
not an essential constituent of this species, but merely 
a ' vicarious ' one, taking the place of an equivalent 
quantity of calcium. The results of a number of analyses 

o % 



84 Chemical Crystallography. [ch. 

of minerals must be interpreted from this point of view ; 
otherwise the law of chemical combination in constant 
proportion must be disregarded, and the various mineral 
species will also become unnecessarily subdivided. Two 
years later von Fuchs discussed the similarity in crystalline 
form existing between the carbonates and sulphates of 
calcium, strontium and lead, and explained the facts by his 
hypothesis of so-called vicarious constituents. 

Haiiy, however, was in no way induced to change, or to 
essentially modify, his opinion by the arguments stated 
above, and in this course he was followed by most of his 
contemporaries. Contradictory observations were either 
denied or explained on the assumption that substances with 
great powers of crystallization, even when contaminated 
with very large quantities of foreign bodies, constrained 
the latter to assume their own crystalline form. The fact 
that two chemically distinct substances not belonging to 
the cubic system, can occur in the same form, was most 
obstinately combatted. Some of the opposing facts noted 
in connexion with mineralogy were explained as due to 
pseudomorphism, it being supposed that crystals might be 
altered in composition, whilst their external form was 
preserved unchanged, just as is seen in the petrifaction 
of wood. 

In 1819, Haiiy 's views received official recognition by 
the Parisian Academy, to which Beudant's work was sub- 
mitted for criticism. Hiiiy, and with him, Vauquelin and 
Srochant, assisted in passing judgment ; this resulted in 
the statement that definite chemical compounds were 
known in which one of the constituents determined the 
form, even if it be present only in small proportion, the 
other constituents being without influence on the crystalline 
form. The importance of Beudant's work was thus 
wholly disregarded. 
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In the same year (1819), whilst the correctness of Haiiy's 
theory was still all but universally recognized, Mitscher- 
lich showed irrefutably that the phosphates and arsenates 
of potassium or ammonium possess the same crystalline form. 
A remodelling of the theory thus became not only necessary, 
but the direction which the change should take was also 
indicated. The honour of this most important discovery 
belongs entirely to Mitscherlich, and is the greater 
inasmuch as he then knew nothing of his predecessor's 
work. The discovery practically resulted from a happy 
accident. Mitscherlich was at this time a young man of 
about twenty, and this research was his first work ; he had 
no leaning towards crystallography, and had undertaken 
the research upon quite other than crystallographic grounds. 
Berzelius had found the ratio of the amounts of oxygen 
present in phosphoric or arsenic acid to that in phosphorous 
acid to be as 5 is to 3. Mistrusting the analytical 
results, however, and considering this ratio to be of too 
complicated a character, Mitscherlich supposed it not 
impossible that the ratio would be established as 2 : i by 
more accurate determinations. He therefore repeated 
the work of Berzelius, but could only confirm the latter's 
results ; at the same time he observed that the crystalline 
salts of phosphoric and arsenic acids exhibited great simi- 
larity in form. Small as was his knowledge of crystallo- 
graphy, he saw himself upon the eve of an important 
discovery, and although the problem did not belong to his 
original scheme of work, he sought to place the question 
upon a more secure basis. Under the guidance of his 
friend Gustav Rose he therefore studied the laws and 
methods of crystallography, and by means of his first 
measurements was enabled to complete a most fruitful 
portion of the whole work. The complete morphological 
concordance between the corresponding phosphates and 
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arsenates, which Mitseherlieh had previously suspected 
from mere inspection of the external forms, was thus 
established. The acid phosphates and arsenates of am- 
monium were first studied, and then other acids were 
sought which, when combined with the same base, should 
give salts of the same crystalline form. Such acids, however, 
could not be found ; Mitseherlieh therefore investigated 
other bases which should combine in the same proportion. 
This latter condition was fulfilled by the potassium salts of 
phosphoric and arsenic aeids, which possess the same crys- 
talline form as the ammonium salts ; this important result 
was of the greatest interest to Mitseherlieh, as he hoped by 
its aid to gain some insight into the then problematical 
nature of ammonia. 

Before publishing his discoveries, Mitseherlieh considered 
it necessary to extend them by a further examination of 
artificial salts ; this would enable him to oppose Haiiy's 
views, with which he had in the meantime gained some 
acquaintance, not only by a few exact observations, but 
also by a large number of specific cases. For this purpose 
the sulphates and carbonates of barium, strontium, and 
lead were examined, and, as von Fuchs had already noted, 
were found to be at variance with Haiiy's theory ; further, 
the carbonates of calcium, iron, magnesium, and zinc were 
expected to show the same mutual relations as the arsenates 
and phosphates. On gaining a knowledge of the observa- 
tions of Beudant, Mitseherlieh repeated and completed the 
work of the former. It was then found that in all his 
investigations, Beudant had neglected to analyze the 
crystalline mixtures obtained ; the water of crystallization 
had thus been completely left out of consideration, and the 
explanation of the phenomena observed was correspondingly 
imperfect. 

Whilst Mitseherlieh was occupied with this work — in 
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the autumn of 18 19 — Berzelius passed through Berlin on 
his return journey from Paris to Stockholm, and made the 
acquaintance of the young chemist and his investigations. 
Serzelius, who was then recognized as the first authority 
in the department of chemistry, was greatly impressed by 
the importance of Mitscherlich's discoveries, and arranged 
matters so that the latter was sent to Stockholm at the 
government expense, in order to complete his work and to 
apply himself more especially to chemistry. Berzelius was 
interested in the enquiry principally upon two grounds ; 
he hoped to derive from its results an explanation of the 
numerous exceptions to the law of constant proportions 
which were met with in his chemical system of minerals, 
and at the same time he expected to obtain some starting- 
point for the determination of atomic weights. Mitscher- 
lich's next idea was to denote his discovery by some special 
name. Substances, which behave towards each other like 
the acid arsenate and phosphate of potassium, were 
therefore termed isomorphous ; similarly, the phenomenon 
of two different substances possessing the same or nearly 
the same crystaUine form was named isomorphism. 

The great influence and authority of Berzelius ensured 
that Mitscherlich's discovery should everywhere receive 
proper and immediate appreciation. Haiiy alone disregarded 
all the convincing arguments which were brought to bear 
against his views. At a time when our chemical know- 
ledge of minerals was rudimentary, Haiiy had, in many 
cases, been able to foresee the analytical results by means 
of his theory. The latter had achieved a too brilliant 
success to allow him thus to give it up. And yet his 
theory was not completely invalidated by Mitscherlich's 
discovery, which only necessitated a fundamental re- 
construction. An identity in crystalline form did not 
require identity in chemical composition^ but analogy in 
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ited 

/thus 
composition and constitution. Haiiy, however, toward^,' j^. 

close of a brilliant career, was not inclined to alter a prin*! ^^^^ 

which he erroneously considered as his greatest discoA.^^^ 

He held to his former views, and indeed vsrrote to Broch^^y 

saying that if Mitseherlich's theory were correct, Mineralo^f>^ 

would be the most wretched of sciences (la science la plus \^ 

pitoyable). The opposition from this quarter did not, how- [f 

ever, last long; Haiiy died in 1821, and after his death L 

Mitscherlich's discovery rapidly received general recognition u 

amongst chemists ^. 

^ G. Rose, Zeitsch. Oeol. Ges, xvi ai. 
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CHAPTER XVII. 

The Geometrical and Physical Properties of 
IsoMORPHOus Substances. 

From the results of his early work on the phosphates, 
arsenates, and sulphates, Mitscherlich concluded that 
identity of crystalline form was not conditioned so much 
by the material nature of the chemical components, as by 
the total number and the mutual arrangement of the atoms 
contained in the molecule. This may at first seem some- 
what strange, when it is remembered that at the very 
outset of his investigation, Mitscherlich discovered the 
isomorphous nature of potassium and ammonium ; it must 
not be forgotten, however, that the nature of ammonia was 
at this time quite misunderstood, and that Mitscherlich 
also had the facts of dimorphism before him, since only on 
this assumption are his statements intelligible. It is indeed 
remarkable that the non-dependence of the external form 
upon the nature of the atoms composing the substance was 
thus enunciated ; Mitscherlich himself was specially cogni- 
zant of the uncertainty of this deduction, and expressed the 
opinion that it might have to undergo revision. He 
indeed ultimately introduced the change himself. From 
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the phenomena presented, on the one hand, by a lar^ 
number of substances (more especially by the oxides and 
chlorides) and, on the other, by cases of similarity in form 
such as is shown by the pyroxenes and amphiboles, he 
finally concluded that only those substances should be 
described as isomorphous which possess analogous chemical 
composition and identical crystalline forms, and crystallize 
together in varying proportions. This definition has 
remained essentially unchanged up to the present day, in 
spite of many attacks and attempted misinterpretations. 
It is therefore unnecessary to discuss further the different 
views which have been put forward by individual workers, 
more especially as they will receive mention elsewhere 
(Chapter XXIV). A critical review of the subject of iso- 
morphism cannot be attempted without a previous con- 
sideration of the whole subject, and will therefore be 
postponed till the end of the present chapter ; the above 
definition of isomorphism will be, on the whole, adhered to 
throughout the following pages. 

From a purely geometrical point of view, isomorphous 
substances are recognized by the correspondence and 
similarity of their external form. This agreement in form 
is, however, with the exception of cubic substances, not so 
absolute as would be indicated by the name, but is only 
a more or less approximate correspondence. This fact was 
already known to Wollaston in iSiJX, as the result of exact 
measurements made on the carbonates and sulphates of 
barium, strontium, and lead with his newly invented re- 
flecting goniometer ; his observations, however, received but 
little attention. It was generally regarded as a consequence 
of Haiiy's theory that a small proportion of a foreign 
compound, when present in a substance, lost its characteristic 
crystalline form and assumed that of the main bulk ; the 
form of the latter was supposed to be quite imaffected by 
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the contamination. The acceptance of Wollaston's ob- 
servations, and also those of Bemhardi and Weiss, was 
prevented in Germany by the authority of Mitscherlich, 
notwithstanding that the latter had himself noticed some 
slight angular variations on crystals of the salts investi- 
gated by him. Later on Mitscherlich was one of the 
first to accept Beudant's demonstration of the erroneous 
nature of Haiiy's views, when the accuracy of Wollaston's 
observations had received new confirmation from Biot. 
At first, however, Mitscherlich was not in a position to 
follow up Wollaston's statements, lacking as he did the 
necessary apparatus; further, instruments with which 
angles could be accurately measured to minutes, were at 
that time mere curiosities, and did not quickly come into 
common use. Possibly also Mitscherlich did not at first 
credit the matter with the necessary importance ; he was 
a chemist, interested in crystallography mainly from its 
chemical aspect, and only in his later years really applied 
himself to purely crystallographic problems. 

The differences observed between the corresponding 
angles of isomorphous substances, vary from a few minutes 
up to several degrees ; thus, corresponding angles measured 
on the various rhombohedral carbonates are given in the 
following table : — 



Substance. 


Composition. 


Bhombohedron Angle. 


Galcite 

Dolomite 

Maguesite 

Calamine 

Chalybito 

Rhodocrosite 


CaCOj 
CaMgCCOs), 
MgCO, 
ZnCO, 
FeCO, 
MnCOs 


'<55: 

73° 40' 
79° ao' 

73° 9' 
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The observed differences for the orfchorhombic carbonates 
are by no means so large : — 



SubBtance. 


Composition. 


Prism Angle. 


Brachydome Angle. 


Aragonite . 
Strontianite . 
Cerussite 
Witherite . 


CaCO 
SrCOs 
PbCOs 
BaCOg 


63° 50' 
62° 41' 
62° 46' 
62° 12' 


71° 34' 
71° 48* 

71° 44' 
73° 16' 



Naturally, no definite limits can be assigned within 
which the angular differences of isomorphous substances 
must lie ; it is, in the end, more or less a matter of personal 
judgment whether or not a given large angular difference 
is, or is not, compatible with isomorphism. 

The angular differences observed between isomorphous 
substances are generally well indicated by a comparison of 
the axial ratios of the crystals ^. A careful consideration 
of the axial ratios and angles shows, further, that when two 
undoubtedly isomorphous substances show a great difference 
in crystalline form, this difference is but seldom equally 
marked over the whole form. In orthorhombic, mono- 
symmetric, or anorthic crystals, the difference between 
isomorphous substances is ordinarily most evident in a 
certain, principal zone, whilst between the angles of other 
zones nearly perpendicular thereto, practically complete 
identity exists. Since the crystallographic axes generally 
lie parallel to the principal zones, these regularities are 
satisfactorily expressed by the axial ratios ; two of these 
agree more or less completely, whilst in the third the 
difference is distinctly shown. The following table com- 
prises a few examples of this kind : — 



See Groth's Tabdlarische Uehersicht der MinercUien, 
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Substanoe. 


OompositioD. 


System. 


OryatalUvraphio 
Oonstanto, 


Selenhim . 


Se 


monosymmotrio 


0*9907 : X : I 2700 
i9»89^i5' 


Sulphur . 


S 


}> 


09958 : 1 : 0'9998 


Orpiment . 


A8^3 


orthorhombio 


0*9044 : 1 : i«oii3 


Stibnite . 


SbgSs 


i» 


0*9844 : 1 : i*oiio 


Wollastonite 


CaSiOj 


monosymmotrio 


1*0534 : 1 : 0*4840 
i9-84V' 


Augite 


(MgFe)(AlFe),SiOe 


}» 


1*0585 : 1 : 0*5949 
i9-89*'38' 


Spodumene 


LiAl(Si08)a 


a 


1*0539 : 1 : 7686 
/S- 89^13' 









In general, the statement may be made that the corre- 
spondenee in crystalline form is greater in proportion as the 
substances concerned are more similar in their chemical 
behavioor ; the similarity in form hence famishes a measare 
of the isomorphism, which is, in the end, a consequence of 
the chemical similarity of the substances concerned. 

Perhaps the most instructive series of measurements 
of isomorphous substances is that made by Tutton^ on 
the monosymmetric double sulphates of the composition 
R2SO4, R'^SO^, 6H2O. Each of the twenty-two salts 
measured contains as the metal R, one of the three alkali 
metals potassium, rubidium, or caesium ; the salts may 
hence be arranged in series of three, containing the same 
dyad metal R'^, but different monad ones. When this is 
done, as in the appended table, which gives the axial 
ratios and the interaxial angle /3, it is seen that all the 
geometridd properties of the rubidium salts are inter- 
mediate between the corresponding properties of the 
potassium and cawium salts. The same is alio true of the 

* Jwm, Chenu Soe^ 1893, p. 337. 
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facility of crystaUizatdon and the crystalline habit assumed 
by the rubidium salts. The extent to which this inter- 
mediate position of the rubidium salts, between those of 
potassium and caesium, is a quantitative one, is indicated 
by the following table, which gives the differences in the 



Salt. 


a\h\c. 


^. 


K2S04,MgS04,6H20 . 
RbaSO*, MgSO*, 6H,0 
C82SO4, MgSO*, 6HaO . 


0.7413 : 1 : 04993 
0.7400 : 1 : 04975 
0.7279 : 1 : 0.4946 


75° "' 
74° I' 

73° 54' 


KaSOo ZnSO^, 6H2O . 
RbaSO^, ZnSO*, 6HaO 
CS2SO4, ZnS04,6HaO. 


0.7413 : 1 : 0.5044 
0.7373: 1 : 0.501 1 
0.7374 : 1 : 0.4960 


75° la' 
74° 7' 
73° 59' 


KaS04, FeSO*, 6H,0 . 
Rb^O*, reS04, 6H2O . 
C82SO4, FeS04, 6HaO . 


0.7377 : 1 : 0-5020 
0.7377 : 1 : 0.5004 
7261 : 1 : 0.4953 


75° 38' 
74° i6' 
73° y 


K2SO4, NiSO*, 6H2O . 
RbaSO*, NiSO*, 6HaO . 
08,^04, NiS04, 6HaO . 


0.7379 : 1 : 0.5020 
0.7350 : 1 : 0-5022 
0*7270 : 1 : 0.4984 


75° 0' 
73° 57' 
79° 58- 


K2S04,CoSO4,6H20 . 
RbjSO*, C0SO4, 6H2O . 
C82SO4, C0SO4, 6HaO . 


07404 : 1 : 05037 
0.7391 : 1 : 0501 1 •• 
0.7270 : 1 : 0.4968 


75° 5' 
73° 59' 
73° 53' 


K2RO4, CuS04,6H20 . 
RbjSO*, CUSO4, 6H2O . 
CS2SO4, CuS04,6H20. 


0.7490 : T : 0-5088 
0-7490: 1 10.5029 
0.7429 : 1 : 0.4946 


75° 33' 
74° 43' 
73° so' 



angle )3 between the potassium and rubidium, and the 
rubidium and csesium salts ; for any series of three salts 
these two differences are seen to be identical within the 
limits of experimental error. Since the atomic weight of 
rubidium (85) is approximately the mean of those of 
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potaseitmi (39), and cfesiam (i33)> it follows that the 
differences between the axial angles of the potasaiam, 
rubidiam, and ciesium ealte are proportional to the differ- 
ences in the atomic weights of those metals ; this, of conise, 
only holds if the dyad metal in the series be kept tin- 
changed. The Bame kind of relationship is fonnd between 
all the nnmeroos angles measured on the crystab. 



DjsdDwUI 


V»loB„ffl 


DUfer- 


VilMofyi 


^. 


V^JueofS 


praHDi. 


tat K ull. 


enoa. 


fgrKDBUt. 


"'"■ 


(or a< Kit. 




75° -a' 


71' 


74° l' 


67' 


7"- 51' 


Zinc . . 


75" la- 


65' 


74° 7' 


68' 


7=' 59' 


Iron . 


75° =8' 


la- 


74° IS' 


68' 


73" S- 








74° 3' 


7"' 


7""53' 


Nickel . 


i7^ 


63' 


73° 57' 


59' 


73° SB' 


Cobalt . 


75° 5' 


eff 


73° 59 


67' 


7"°S=' 


Copper 


75° 3=-' 


50' 


74° 4a 


5"' 


73° S=' 


Cadmium . 






74° 7' 


ja- 


7«"49' 



The influence exerted on the ciystalliae form of these 
salts by a change in the dyad metal cannot be followed 
quantitatively; because salts containing the same alkali 
metal and diSerent dyad metals, which are chemically very 
eloecly related, ^ch as nickel and cobalt, have axial ratios 
and interaxial angles which, within the limits of experi- 
mental error, are almost identical. On the other bandj it 
would perhaps hardly be expected that a very close relation- 
ship wonld be traceable between the crystallographic con- 
stants of two salts which, though containing the same 
alkali metal, also contain dyad metals, such as copper and 
nickel, which are not chemically closely related. This 
series of measorements is of the greatest value, not only as 
illustrating a specific case of isomorphism, bnt also becanse 
it indicates the kind of reUtionship which will probably be 
found ultimately to hold generally in isomorphous series. 
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Early in the forties, Kopp supposed that he had found 
another measure of isomorphism. From his own observa- 
tions and those of others, but more especially of Dumas, he 
concluded that the molecular volume — the molecular weight 
divided by the specific gravity — of isomorphous substances 
is the same ; this correspondence is, as a rule, the greater, 
as the observed similarity in geometrical form is the 
greater. In many cases, the equality of the molecular 
volumes is complete, but in others the results leave much 
to be desired in this respect ; in some few cases also, the 
molecular volumes stand in a simple ratio one to the other. 
Some examples are given in the following table : — 



/ 



Substance. 


Composition. 


Molecular Volume. 


Calcite 


CaCOs 


36-8 


Magnesite . 


MgCOa 


278 


Calamine . 


ZnCOg 


28-0 


Chalybite . 


FeCOs 


30-3 


Hhodocrosite 


MnCOs 


31-9 


Aragonite . 


CaCOs 


33-9 


Strontianite 


SrCOs 


41*1 


Witherite . 


BaCOs 


45-6 


Gerussite . 


PbCOs 


40.8 


Apatite 


CaCl2,3Ca3(P04)2 ' 


330 


Pyromorphite . 


PbCl2,3Pbs(P04)a 


40-8 


Corundum . 


AlA 


253 


Specular Iron . 


FejOs 


30-5 


Barytes 


BaSO^ 


53-1 


Anglesite . 


PbS04 


481 


Celestine . 


SrS04 


469 



The imperfect agreement may be in many cases due to 
inaccurate determinations of the specific gravity ; the 
difference noticed between aragonite and witherite, and 
between calcite and magnesite, however, can certainly not 
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be thus explained away. Such examples as these must be 
considered as exceptions to the rule, or else the rule must 
be altered, so as to include, not only substances whose mole- 
cular volumes are identical, but also those whose molecular 
volumes are in some simple ratio ; in the cases mentioned 
above this ratio is 3 : 4. 

Subsequently to Kopp, Schroder^ and Schrauf^ studied 
the molecular relations between isomorphous substances 
without, however, materially increasing our knowledge of 
the subject. Mitscherlich considered the first condition of 
isomorphism to be that the substances concerned should 
contain the same number of atoms in the molecule, and 
should be substances of the same type ; later workers have 
endeavoured to show that isomorphism is conditioned by 
equality of the molecular volumes. On the other hand, apart 
from exceptions of the kind quoted above, the converse of 
Kopp's principle does not hold. A large number of instances 
might be quoted, of substances which in crystallographic 
and chemical respects have nothing in common, but which 
nevertheless have the same molecular volume. 

It is therefore concluded, that in the large majority 
of cases isomorphous substances do not possess identical 
molecular volumes ; Muthmann ^ has, however, recently 
shown that very important results may be expected from 
combining the molecular volumes with the axial ratios. 
As already stated, the physical molecules or structural 
units of a crystalline substance must be regarded as com- 
posed of several chemical molecules. In crystals of iso- 
morphous substances, these physical molecules necessarily 
consist of the same number of chemical molecules, and both 
physical and chemical molecules are similarly arranged in 
the various members of an isomorphous series. Certain 

' Fogg. Ann, cvii. 196. ' Ibid, cxxxiv. 1x7. 

' Zeitsch,/. Kryst. 1894, zxii. 497. 

H 
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volumes of two isomorphous substances can hence be chosen, 
such that each contains the same number either of physical 
or of chemical molecules ; these volumes are obviously pro- 
portional to the molecular volumes. 

Consider now a series of isomorphous, orthorhombic 
substances ; if in each member of such a series a volume 
proportional to the molecular volume be chosen, these 
volumes will contain the same numbers of structural units 
and of chemical molecules respectively. Further, suppose 
these particular volumes selected in the crystals to take 
the form of rectangular parallelepipeda, whose edges are 
coincident in direction with, and proportional in length to, 
the three rectangular axes of the crystal. The lengths of 
the sides of these parallelepipeda will be proportional to 
the distances between contiguous structural units in the 
various members of the series ; these lengths x, V^> and co 
can be readily calculated from the axial ratios a : b : c o{ 
the crystal and its molecular volume m. 

For, by the nature of the problem, the following two 
equations hold : — 

y >^ O) , » 

and 

M = x^^ (^) 

Substituting in (2) values derived from (i), it is seen 

that 

be x^ (ic yff^ ab o)^ 
^" ^^^ "62- = -^» 

therefore 

Now the length i in a set of axial ratios is always taken 
as unity ; the ratio a :b : c i& consequently of the form 
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a : I : (?. The equations for obtaining x, y^ and o) therefore 

become : — 

8 /^2if zr-^ Zi-^ 

These formulae, of course, only hold in the case of ortho- 
rhombic crystals ; for monosymmetric or anorthic crystals 
slightly more complicated expressions are obtained, whilst 
for cubic or tetragonal crystals the formulae require simpli- 
fication. The values of x,\jr and o) are termed by Muth- 
mann the topic or topical axial ratios, and by Tutton^ 
the distance ratios. As stated above, they represent 
the distances between the centres of adjacent physical 
molecules or structural units in the three axial directions, 
and in such a way as to allow of a strict comparison being 
instituted between the topic ratios of the various members 
of an isomorphous series. 

It is instructive to consider the topic axial ratios of 
a crystallographically simple isomorphous series such as 
that of the tetragonal arsenates and phosphates of potas- 
sium and ammonium. The values of a and b in the axial 
ratio a :b : c being both equal to unity in the case of a tetra- 
gonal crystal, x ^^^ xjf are equal ; only x a^d o) therefore 
need be considered. 



Salt. 


Mol. Vol. 

M. 


a:c. 


X. 


M. 


KH2PO4 . 
KHaA804 . 
NH^HaPO* . 
NH^HaAsO^ 


58-246 
62-822 
64-170 
68-842 


1 : 0-6640 
I : 0-6633 
1 : 0-7124 
1 : 0*7096 


31419 
32232 

31698 
3-2491 


2-9503 
30235 

31934 
32606 



A little consideration of these topic axial ratios leads 
to the following conclusions : — (i) on replacing the phos- 
phorus atom in one of the above phosphates by arsenic, 

' Joum. Chem. Soc. 1894, 628. 
H 2 
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the distances between contiguous physical molecules are 
increased to the same extent in all directions ; {%) this 
increase is approximately the same in both ammonium and 
potassium phosphate ; (3) if the potassium atom in either 
potassium arsenate or phosphate be replaced by an ammonium 
group, the distances between the consecutive molecules are 
increased, but to a much greater extent in the direction 
of the (?-axis than in that of the a-axis. 

Muthmann founds on these conclusions some interesting 
speculations respecting the composition of the physical 
molecule or structural unit ; he considers that the &cts can 
only be accounted for on the assumption that the crystalline 
molecule of these phosphates and arsenates is composed 
of eight chemical molecules. 

Although the topic axial ratios of only three small series 
of isomorphous substances have been determined up to the 
present, yet it may safely be predicted that conclusions of 
considerable importance will result from their further in- 
vestigation. 

As is well known, the external form of a crystal is 
intimately connected with its cleavage, and it is therefore 
not surprising that isomorphous substances should show 
a close analogy in respect to the latter property. This 
fact deserves some attention, inasmuch as the cleavage 
affords a definite test for isomorphism amongst cubic 
crystals. As an instance of identity of the cleavage form, 
the rhombohedral carbonates of calcium, magnesium, zinc, 
iron, and manganese may be mentioned; these substances 
are all characterized by a very perfect cleavage parallel to 
the primary rhombohedron. Further, the isomorphous 
orthorhombic sulphates of magnesium, zinc, and nickel, all 
show a perfect cleavage parallel to the brachydome. The 
agreement in the cleavage planes is not so good amongst the 
orthorhombic carbonates 2 — 
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Substance. 



AragoDite 
Strontianite . 
Cerussite 
Witherite . 



Composition. 



CaCOs 
SrCOg 
PbCOs 
BaCOs 




Cleavage. 



Imperfect. 



(no), (on) 
(012), (010) 
(oio\ (on) 
(no), (012) 



Jannettaz ^ has investigated the thermal conductivity of 
isomorphous compounds ; his results show that the analogy 
between the heat conductivities of such substances is just 
as close as is observed in the property of cleavage. The 
three rectangular directions of maximum, minimum, and 
an intermediate velocity of heat conduction in a crystalline 
medium are described as the axes of thermal conductivity ; 
the latter not only occupy corresponding positions in 
isomorphous crystals, but their magnitudes are also in 
similar ratio to each other. 

At present too little is known of the coefficients of expan- 
sion of crystals to allow of the deduction of any general 
conclusions. The results of a few observations are, how- 
ever, given in the following table ; a^ and a© represent 
the principal coefficients of expansion for uniaxial crystals, 
whilst tta, a^ and a^ are the corresponding values for biaxial 
crystals. A is the coefficient of cubical expansion : — 



Calcite 
Chalybite 


0-000310 
0-000539 


0-00263 
o-ooi6i 


A 

0-00201 
0*00269 


Barytes 
Gelestine 


000143 
000192 


0-00225 
0*00185 


0-00149 
0-00149 


A 

0*00519 
0-00526 



So far as can be concluded from the above data, no close 

' Compt. Bmd, Ixzv. 1501. 
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connexion exists between the coefficients of thermal ex- 
pansion of isomorphous substances. 

Lastly, the external form of crystals and the etched 
figures which may be produced on their feces are very 
nearly related one to the other ; Baumhauer has therefore 
endeavoured to employ the latter property as a criterion of 
isomorphism. His work, however, shows that although 
such substances do, as a rule, give the same etched figures, 
yet essential differences often occur between them, more 
especially with respect to their position. Thus, by etching 
a cleavage rhombohedron of calcite with hydrochloric 
acid, equilateral triangular cavities, the vertices of which 
point towards the principal axis, are engraved ; the isomor- 
phous mineral chalybite, when treated similarly, shows 
similar equilateral triangular etched figures, but turned 
through 1 80° from those of calcite. Similar observations 
have also been made on other substances, so that no 
peculiar interest attaches to etched figures as a means of 
detecting isomorphism. 

The optical characters of isomorphous substances have 
been more completely investigated than any other proper- 
ties. Senarmont ^ first paid careful attention to this 
subject, and since his time Topsoe and Christiansen ^ have 
furnished important contributions to our knowledge. The 
results obtained by these observers, however, have not led to 
the deduction of any general law, although isomorphous 
substances, as a rule, show analogies in their optical proper- 
ties, more especially when the crystals are uniaxial. Thus, 
in the tetragonal phosphates and arsenates of potassium 
and ammonium^ the extraordinary index of refraction is 
always smaller than the ordinary one, but no equal differences 
between them or any analogous relation has been observed. 

* Ann, de Chim, et de Phy$, iii.33, 391. 
a Ibid, V. I, 5. 
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The hexagonal trapezohedral tetartohedral thiosulphates of 
strontium and lead have not even the same sign of doable 
refraction, the former compound being optically negative, 
and the latter positive, in sign. 

Biaxial isomorphous substances usually show a correspon- 
dence between the magnitudes of the principal indices; 
exceptions are, however, more frequent than amongst 
uniaxial substances. Sodium potassium dextrotartrate 
(seignette salt) is orthorhombic and sphenoidally hemihedral, 
and the double refraction is positive ; the brachypinakoid is 
the optic axial plane, and the axis a is coincident with the 
first mean line. The isomorphous sodium ammonium 
tartrate, however, shows negative double refraction; the 
plane of the optic axes is parallel to the macropinakoid, and 
the ^-axis is the first mean line. Similar difierences are 
also to be observed between the orthorhombic sulphates 
and chromates of potassium and ammonium. 

An even greater lack of similarity in respect to optical 
properties is usually noted in the case of isomorphous 
substances crystallizing in the monosymmetric and anorthic 
systems ; the reason of this is, however, evident, since 
the orientation of the wave surface is not defined by the 
geometrical symmetry, as in the case of orthorhombic 
crystals. Although no complete investigation of the mat- 
ter has been made, yet the above statement is amply 
justified by the work of Tschermak on augite and that of 
Schuster on the plagioclases. 

Tutton's measurements ^ of the three principal indices 
of refraction of the orthorhombic sulphates of potassium, 
rubidium, and caesium for the sodium line d, are given 
in the following table in order to illustrate the kind of 
relation observed between the indices of refraction of iso- 
morphous substances. 

' Joum, Chem, Soc. 1894, 628. 
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K2SO4 1.4947 1-4935 1-4973 

KbjS04 1-5144 1-5131 1-5133 

CS2SO4 1.5662 1-5644 1-5598 



Although no close relationship can be observed between 
the indices of refraction of the three salts, yet it will be 
seen that the refractive indices of rubidium sulphate, the 
molecular weight of which lies between those of the other 
two salts, are intermediate between the corresponding 
indices of potassium and caesium sulphates. 

Very little attention has hitherto been paid to the com- 
parative study of other physical properties of isomorphous 
substances ; those relations, however, which have up to the 
present been discovered and are mentioned above, satis- 
factorily demonstrate that isomorphism does not solely 
consist in similarity of external form, but also implies 
a greater or less correspondence between the collective 
properties of the substances concerned. 

The generally recognized theory of the structure of 
crystals given in the introduction affords a basis upon 
which a clear conception of the nature of isomorphism may 
be founded. Isomorphism, as Sohncke first stated, depends 
on the identity of regular arrangement of the smallest 
particles in the substances concerned: — two crydalline 
%uh%tance% are described as isomorphous when they possess 
congruent or approximately congruent forms of structure ; a 
form of structure being understood to mean one of the 
regular infinite point systems which up to the present 
are recognized as possible. This definition of isomorphism 
is not in direct contradiction with any of those previously 
mentioned, and further possesses the merit of summarizing 
several of them. 

A considerable number of substances of chemically 
analogous composition are known, which, whilst forming 
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isomorphous mixtures and exhibiting great similarity with 
respect to the crystalline form and the values of cor- 
responding angles, yet belong to different crystalline 
systems. Amongst these may be mentioned cupro-uranite 
and calco-uranite, beryllium sulphate and selenate, and 
the felspars. Most authors only describe compounds as 
isomorphous if they crystallize in the same system, 
others, however, apply the term in a somewhat wider 
sense. The difference between these views loses con- 
siderably in importance if the definition of isomorphism 
just given is accepted, since there may be many point 
systems, which, although really characterized by very 
slight, or even no symmetry, can approximate to a higher 
symmetry, and may thereby simulate point systems which 
really possess such higher symmetry. Structural forms 
of this kind can be regarded as limiting forms which lie 
near the boundary between two crystalline systems ; an 
explanation is thus afforded of the remarkable properties 
of the substances mentioned above. 

The superiority of Sohncke's definition consists principally 
in the fact that it does not select any special property of 
isomorphous substances as a characteristic one ; it is based 
upon the collective physical and geometrical properties of 
the substances concerned, whilst, in the end, all other 
definitions, without exception, depend more or less upon 
a * parcelling out ' of the property of isomorphism. 



CHAPTER XVIII. 

The Chemical Properties of Isomorphous Substances. 

Since the formation of a crystal is brought about by 
the symmetrical arrangement of its smallest particles, the 
process of crystallization is a purely physical one; before 
speaking of the chemical properties of isomorphous bodies 
some few explanatory remarks on the physical side of the 
question axe therefore necessary. It will not be denied 
that the aiTangement of the crystalline elements is 
ultimately conditioned by the nature of the material of 
which they consist, and must therefore be deducible from 
a knowledge of the latter ; although the discovery of this 
connexion is probably still a somewhat remote one. The 
one essential property of isomorphous substances is usually 
considered to be their power of co-operating in the forma- 
tion of a homogeneous * mixed crystal.' If this process of 
crystallizing together simply consists in a uniform arrange- 
ment of different structural units, it, can hardly be described 
as of a chemical nature. There is, however, another mode 
of regarding the process ; it is possible to conceive that 
the chemical molecules of the isomorphous substances 
combine together, either in the saturated solution or at 
the moment of separation, to form larger crystal molecules, 
and that the crystal is subsequently built up from such 
similar units. Under these conditions we have to deal with 
an essentially chemical process similar to that which occurs 
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in the crystallization of a double salt. Which of these 
hypotheses is correct can naturally only be determined 
from experimental facts. Unfortunately, however, there is 
still a sad lack of investigations on this subject, and 
a method for determining the size of crystal molecules has 
yet to be devised. In the older investigations the com- 
position of the solution from which the mixed crystals 
separate, was not properly considered; and the obscurity 
surrounding the subject was still further increased by the 
want of a theory, giving a definite grasp of the subject, 
and indicating the lines on which experiments should be 
conducted. The invaluable work of Bakhuis Roozeboom ^, 
who applies thermodynamical principles to the mixed 
crystallization of isomorphous substances, has, however, 
completely changed this position. 

At the outset it is premised, that the property of mixed 
crystallization possessed by isomorphous substances is a 
complete one, i. e. the mutual penetration of the mole- 
cules of the salts is the same as that which occurs in liquid 
solutions ; it can then be shown that if equilibrium is 
to exist at constant temperature and pressure, a definite 
composition of the solution must correspond to every 
proportion in which mixed salts separate from it. 
Considering this result as established, the conditions of 
equilibrium between the mixed crystals and the solution 
can be deduced in a manner similar to that which 
Konowalofi* applied to the evaporation of liquid mixtures. 
For this purpose let it be supposed that the vessel G 
(Kg. i), which is fitted at the top with a movable piston 5, 
possesses semi-permeable sides, that is, sides which, whilst 
allowing of the passage of water, prevent the passage of 
a salt dissolved in it Water and an excess of two iso- 
morphous substances A and B are placed in the vessel (7, 

^ Zeitsch, f. phy8ik. Chem, vili. 504. 
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pc»ei to be egtablifihed between 1^ 
cm^talline miAUu e 1, aoid tiie dohi- 
tioo in wbieh the sdts ^ and £ ai>e 
iUmAreiL Let /^ be the osmetic 
yremare set ap bj the difiBolred sah 
^ and p^ that doe to the salt B, then 
the total osmotic preasme exerted in 
the vemd G haa the value P^Pi-^p^'- 
eqoilibriom can only exist when the 
piifton S ia witationary or is loaded to 
an extent just sufficient to resist the 
osmotic pressure without being itself 
tor(ml up. If the equilibrium between the mixed crystals is 
Uf he a /fMle one, any slight temporary change in the con- 
ditions must be followed by a spontaneous return to the initial 
c^mdiiionfi. Such changes may be brought about by raising 
or d«pr6s»«ing the piston 8, If it be raised, water will 
m\U*r through the semi-permeable walls and a portion of the 
solid mixi^l cryNials will consequently dissolve. If, on the 
oth«r hand, the piston be pushed down, water will be forced 
out, and a feie[)aration of salt must occur. Now, if the 
relative proportions of the mixed salts A and £ are the 
name in the Holution as in the mixed crystals underneath 
it, then raiwing or lowering the piston will cause no 
alteration in the composition of the solution ; consequently 
the osmotio prosMure P in the vessel will not change. 
Under those oircumstances the equilibrium is characterized 
as labile ; the piston S, loaded to resist a constant pressure, 
will obviously remain in any position in which it is 
placed. 
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The result is, however, quite different if the composition 
of the mixed salts in solution is not the same as that of the 
solid mixture. Let c^ be the number of molecules of the 
salt A contained in unit volume of the solution, and let 
j»i be the partial osmotic pressure due to it; the corre- 
sponding values for the salt B may be denoted by c^ and p^ 
respectively. The proportion, y, of the salt B contained 
in the dissolved mixture is now : — 

^ C1 + C2 

Let , 






represent the ratio in which the same salt B is present in 
the underlying crystalline mixture. If x and y change, 
the relation holding between them will be as follows : — if x 
becomes smaller by solution or deposition of mixed crystals, 
y will necessarily increase in magnitude, and vice versa. 

The conditions of stable equilibrium between the 
crystalline mixture and the solution may be formulated as 
follows : — 

a. If the piston be raised. The solution of part of the 

solid mixture by the water entering through the 
semi-permeable sides will cause the osmotic pressure 
P to decrease^ because only in that event can the 
piston, which is loaded to resist a constant pressure^ 
force out the water taken in and return to its 
initial position. The equilibrium is thus stable. 
The decrease in the osmotic pressure P may occur 
in two ways: — (i) by y diminishing and x con- 
sequently increasing, or (a) by y increasing and 
X diminishing. 

b. If the piston be depressed. The osmotic pressure P must 

increase owing to the deposition of solid matter 
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consequent on the expulsion of water firom the 
vessel; the piston will otherwise be unable to 
return unaided to its original position. The re- 
quisite increase in the osmotic pressure may in this 
case also be brought about in two ways : — (i) by an 
increase in y and a corresponding decrease in x^ or 
(2) by a diminution in y accompanied by an in- 
crease in X. 
It is at once seen that the conditions in the two cases 
can be simplified. For when x becomes smaller by solution 
of solid (raising the piston), and greater by deposition of 
crystals (lowering the piston), the relation, y>x^ must 
hold ; that is to say, the quantity of salt B compared to 
that of salt A must be greater in the solution than in the 
crystalline mixture. If x increases when solution occurs 
and decreases on deposition of solid, the relation, y<x^ 
holds ; i. e. the quantity of the salt B compared to that 
of A is greater in the case of the solid mixture than in 
that of the liquid. The general law governing the 
equilibrium between the crystalline mixture and the 
solution may thus be stated as follows : — if the osmotic 
p'esmre P rises when x increases and y consequently de^ 
creases^ the relation y >x holds ^ whilst if the reverse is true 
then y is less than x ; or : — if the osmotic 'pressure of 
a saturated solution of a crystalline mixture increases or 
diminishes whilst the solid mixture under the solution becomes 
comparatively richer in one constituent^ then the ratio of the 
qiiantity of this constituent to that of the other in the liquid 
must he greater or less respectively than in the solid mixture. 

Naturally, it is in general of no consequence to which 
salt A or B the ratios x and y refer. For the sake of con- 
venience they will be considered as referring to -B in the 
following pages ; with addition of the further condition that 
B shall be that salt whose saturated solution exerts the 
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greatest osmotic pressure. The possible cases which may 
occur in connexion with solutions of two isomorphous 
salts may now be at once deduced from the general law 
stated above. These cases may be conveniently divided 
into two groups, according as the crystalline mixtures can 
exist in aU proportions or only between fixed limits. 

(a) The uomorphoui mhstances A and B mix in all propor- 
tions. If the compounds A and B form mixed crystals in 
all proportions, the osmotic pressure of their saturated 
solution is naturally a continuous function of x. A curve 
representing the osmotic pressure as a function of a?, may 
be drawn by plotting the osmotic pressures P, as ordinates, 
and the corresponding values of x as abscissae. When 
a? = o, the osmotic pressure p{ 
of a saturated solution of A is 
obtained, and when x = loo, 
the pressure p^ ^^ ^ saturated 
solution of the substance B ; 
from the definition otA and B^ 
the relation p^^Pi holds. " 
The curve connecting these 
co-ordinates may now assume 
three forms: — It may rise 
continuously (Fig. 2, /), or 
may show a maximum (Fig. a, 77), or a minimum (Fig. 2,111). 

Que I. If the curve rises continuously throughout its 
whole length, that is, if the osmotic pressure rises 
uninterruptedly aa x increases, the relation y>x will 
always hold, the dissolved matter always containing 
a greater proportion of the substance B than the crystal- 
line mixture. The relation of a? to y is represented 
graphically (Fig. 3) by taking x as the abscissa, and 
y as the ordinate ; the curve oaN is thus obtained. It 
lies completely above the straight line which starts from 
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the origin and makes an angle of 45° with the two 
axes ; on this straight line the relation a? = y holds. 

It may readily be seen from the 
carve odN how the equilibrium 
changes as removal of the solvent 
by evaporation or diffusion causes a 
separation of the substances A and B. 
Let the composition of the solution 
corresponding to any point a on 
the curve he y = ac; as soon as 
evaporation commences a crystalline 
mixture of the composition a = oc = be separates. The 
composition y of the residual solution has now assumed 
some other value greater than ac ; this greater value of y 
in turn corresponds to an increased value of x. Or, as 
the solution evaporates, the successive separations of the 
crystalline mixture contain constantly increasing quan- 
tities of that constituent JB, which in solution exerts 
the greatest osmotic pressure. A pure solution of the 
constituent £ in contact with, and depositing, the pure 
substance JB, would thus ultimately be obtained. 

The behaviour of a mixture of alcohol and water on 
evaporation is perfectly analogous to this. 

Case 2. The curve of osmotic pressures (Fig. 2, //) first 
rises to a maximum and then falls. Whilst the curve rises, 
or whilst the osmotic pressure increases as x increases, the 
general relation, y>a?, holds; this, however, changes to 
y<Xy when the curve falls. At the maximum point 
y — ^ t»ui the solution in which the osmotic pressure is 

a » — #»a»^*M +lie two components in the same 

r*- - ''4als which are in equilibrium 

^een w and y is shown in the 

re obafi N (Fig. 4). Those 

corresponding 
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values of x^ lie on the curve oha ; those which are less 
than the values of x lie on the part acN. 

On evaporating a solution whose y- value corresponds to 
ad^ crystals of the same composition 
separate (since y = a?) ; the solution 
thus remains of constant composi- 
tion and therefore behaves just as 
though it contained only a single 
substance. If a solution whose com- 

« 

position corresponds to a point h on 
the branch oha of the curve be 
allowed to evaporate, a crystalline 
mixture of the composition of = ef< hf will separate. The 
residual solution now has a greater ,^.value than before ; its 
composition and that of the deposited crystalline mixture 
change continuously and attain the values at the point a. 
On the other hand, the j^-value of solutions which cor- 
respond to points on the branch acN of the curve, con- 
stantly decrease, until finally the composition at the point 
a is attained. 

Thus, if solutions whose osmotic pressure curve shows 
a maximum be evaporated at a constant temperature, 
the composition of the separating crystals continually 
changes in one direction, until the composition corre- 
sponding to the maximum point is attained; when this 
stage is reached, further evaporation does not cause the 
composition to change, both that of the solution and that 
of the mixture deposited remaining equal and constant. 

The behaviour of a mixture of formic acid and water 
on evaporation is typical of this case; a mixture is 
ultimately obtained, which cannot be further resolved 
by distillation and behaves just like a pure substance. 

Ca%e 3. There is a minimum point on the osmotic 
pressure curve (Fig. 2, III), The relation between x and y 

I 
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is expressed graphically by the curve oaN (Fig. 5). Ana- 
logously to case 2, it can be shown that the only solution 
j^ Ty unaffected in composition by evapo- 

ration, is that which has the mini- 
mum osmotic pressure, the crystals 
which separate from such a solu- 
tion being of the same composition 
as the mixture in solution. Any 
other solution, whose osmotic pres- 
iQo g^j.g ijgg QH either side of the mini- 

^^' ^' mum, changes its composition on 

evaporation until a pure solution oi Aox B is ultimately 
obtained ; whether a solution of A or oS £ thus results 
depends on whether the y-value of the original solution 
is less or greater than that corresponding to the minimum 
osmotic pressure. As evaporation proceeds, the composition 
of the deposited crystals becomes more and more removed 
from the value ob, until at length only one or the other 
pure substance is deposited. 

The final result of the above three cases is, therefore, that 
by continuous separation of crystals from a mixed solution 
the composition (y) of the latter so changes that the 
osmotic pressure becomes greater and greater. If the 
osmotic pressure were directly proportional to the concen- 
tration of the solution, the value of the latter, c-^ + C2, could 
be at once substituted for that of the total osmotic pressure 
P = Pi'\-P2' This, however, certainly does not always hold 
for the more concentrated solutions, for the osmotic pressure 
is directly proportional to«the number of molecules present 
in the solution, and the number of molecules includes that 
of the smaller molecules (ions) produced from the chemical 
ones by dissociation. Since the extent of the electrolytic 
dissociation of the substances A and £ into their ions 
is in general not the same, the greatest osmotic pressure 



xviii.] Properties of I somorphous Substances. 115 

would Bot necessarily be exerted in the solution of greatest 
total concentration. The results obtained, however, may 
be always approximately expressed as follows: — the 
successive crops of mixed crystals which separate on 
evaporating a mixed solution, continuously alter in such 
a way as to contain the most soluble constituent, or most 
soluble mixture of the two constituents, in larger and 
larger proportion. In case 1, the substance B is the most 
readily soluble phase in the system ; in case 2, a definite 
mixture is more soluble than either A or JB, whilst iix 
case 3, either the substance A or B acts as the most soluble, 
since either is more easily dissolved than any mixture 
of the two. 

In order to follow continuously the separation which 
attends removal of the solvent, a converse method of 
consideration to the above may be adopted ; what will 
happen if crystalline mixtures be brought in contact 
with successive quantities of fresh, pure solvent? In 
case I, the least soluble component A will ultimately 
remain undissolved; in case 2, one or other constituent 
will remain, according as the y-value of the resulting 
solution is less or greater than that corresponding to 
the maximum osmotic pressure. Conversely, in case 3, 
that mixture will ultimately remain which is in equili- 
brium with the saturated solution of minimum osmotic 
pressure. 

(i) The substances A and B only form solid solutions ^ 
between certain definite limits. If the compounds A and B 
are only miscible within certain limits, they will behave 
similarly to such partially miscible liquids as ether and 
water. Ether and water are mutually soluble only within 

^ The term 'solid solution' was first applied by van't Hoff to 
isomorphous mixtures ; such solid mixtures have much in common 
with liquid and gaseous solutions. 
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certain definite limits; the two saturated solutions of the 
one in the other are characterized by the possession of 
equal vapour tensions, since otherwise they could not be 
in equilibrium with each other. Consequently, the two 
kinds of mixed crystals yielded by the partially miscible 
substances A and B must correspond to the same osmotic 
pressure ; otherwise they could not be in equilibrium with 
the same solution. But, according to Gibbs' phase rules, 
the composition of the solution is quite independent of the 
ratio of the quantities in which the two kinds of crystalline 
mixtures are present beneath the solution ; because there 
then exist three phases (solution, and two kinds of crystals). 
And since only three substances (solvent, A^ and B) are 
present, the equilibrium is completely determined at a 
fixed temperature and under a constant pressure (i atmo- 
sphere) ; the composition of the solution, and therefore also 
the osmotic pressure, are hence constant. 

In this case then the osmotic pressure of the saturated 
solution cannot be a continuous function of the com- 
position {x) of the mixed crystals. The ends of the two 
branches of the curve representing the osmotic pressure 
as a function of a?, will be joined by a line parallel to the 

abscissae ; the end points of 

this straight line will thus 

correspond to the limiting 

■^ values a?i and x^^ between 
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-B, caTi 
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which no crystalline mixtures 

'B are possible. The osmotic 

pressure curve from these end 

X x=i oo P^^^^^j '^P *^ those represent- 
ing the pressures of the pure 
saturated solutions of A and 
different paths which are considered below. 

sible cases is illustrated graphi- 
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cally by Fig. 6. The osmotic pressure of that solution 
which is in equilibrium with the two kinds of mixed 
crystals is here represented as having a maximum value. 
On the rising part CD of the curve, y is greater than a?, i. e., 
the solution is richer in the most soluble substance B than 
is the solid ; conversely, in the branch EF of the curve, y is 
less than x. Consequently, the y-value of the solution 
which is in equilibrium with both kinds of mixed crystals, 
must be at once greater than x^ and less than x^ ; x^ and x^ 
representing the compositions of the limiting crystalline 
mixtures. The relation between x 
and y is represented as before by the 
curves oJD and ^^^^^(Pig. 7) joined by 
the straight line LGE. Prom this it 
is seen, that by the evaporation of 
a solution whose composition corre- 
sponds to any point on oJD^ the com- 
position ch{inges until it attains the 
value at the point J9 ; and conversely, 
any solution corresponding to a point on EN^ in the end 
reaches the composition at the point E. The composition of 
the crystals which separate, naturally changes in a reciprocal 
manner, tending always towards the first {x^ or the second 
(a:^) ratio of mixture. When the solution has attained the 
y- value Dd = Ee^ its composition cannot again alter ; and 
by further evaporation, the second kind of limiting crystals 
always separates, since the y-value of the solution lies 
between the ay-values (a?j = od and x^ = oe) of these two 
kinds of crystalline mixtures. Crystallization from such 
a solution seems to occur henceforth as from a simple 
solution, and the two kinds of limiting crystals are always 
obtained ultimately from solutions of any composition. 
The relations holding in a mixture of butyl alcohol and 
water are of a nature completely analogous to this. 
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Case 5. Another possible ease is illustrated by Fig. 8. 

The osmotic pressure of 
the solution which is in 
equilibrium with both 
kinds of mixed crystals, 
lies between those of the 
solutions of the two com- 
ponents A and £ ; the two 
side branches CD and UF 
of the curve rise, and the 
y-values of the points D 
and E are thus greater than x^ and a?2- The relation between 
y and x is shown by the curve oDEN (Fig. 9) which lies 

2V wholly above the straight line oN, 
By evaporating a solution correspond- 
ing to this case, its composition, y, 
will constantly change in the direc- 
tion from to N. On e^vaporating 
a solution containing a relatively 
small proportion of the most soluble 
constituent -B, in which conse- 
quently y has a small value, 1/ will 
move along the curve oL and the a?- value of the deposited 
crystals will continually increase until the solution and the 
crystals attain the respective values x and y of the point 
D. At this instant, the composition of the crystals suddenly 
increases from rf?i= orf to x^^oe. So long, however, as both 
the limiting kinds of mixed crystals are in contact with the 
solution, the latter must have the constant composition y ; 
since now y > x^> x^, this is only possible, if the dissolved 
solid which should separate on further evaporation, changes 
a crystalline mixture of the composition Xi already deposited 
into a solid mixture of the composition x^^ Until this 
change is quite complete, the solution remains of constant 
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composition; when, however, the first kind of mixed 
crystals is wholly replaced by the second, the y-value of 
the solution can change further from that of the point E 
to that of iV, and simultaneously the a?- value of the crystals 
increases from ^2 ^ ^00. 

In case 4 the solution ultimately attains a certain com- 
position which is then preserved unchanged during evapora- 
tion to complete dryness ; in case 5, however, this constancy 
of composition is only temporary. Further, the crystals 
separating during the final stage of case 4, taken as a 
whole, have always the same average composition, although 
consisting of two kinds ; this behaviour, however, is not 
exhibited in case 5, even though the solution may remain 
constant in composition for a time. 

The question now arises, whether other cases than those 
discussed above can be distinguished. It might perhaps 
be supposed that the osmotic pressure of the solution 
corresponding to the two limiting species of mixed crystals, 
which is taken as a maximum in case 4, might also be 
taken as a minimum, as was done in connexion with the 
former continuous series of mixtu res. A little reflection, how- 
ever, shows that such a case is an impossible one. The line BE 
in Fig. 6 would then have to lie below the points C and 
F^ and of the two terminal branches of the curve, CD and 
EF^ the former would fall and the latter rise ; therefore at 
the point B the relation, y < a?^, would hold, whilst at E 
the converse, y > x^, would be true. But both the y- values 
are equal and X2 is greater than a^ ; this ease therefore can- 
not occur. The direction of the side branches which are 
connected by the straight line JDE must consequently be, 
in general, either as represented in Fig. 6 or Fig. 8. It 
is, of course, not impossible that cases might arise in which 
these side branches of continuous curvature might also 
show points of maxima or minima. In Fig. 6 minimum 
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points might occur on both branches, whilst in Fig. 8 
a minimum might be present on the branch CD and a 
maximum on 'EF. Such cases would simply be combina- 
tions of cases 4 with 3, and of 5 with 2 or 3 respectively. 

The theory of the mixed crystallization of, or the for- 
mation of solid solutions by, isomorphous substances is 
thus formally and clearly enunciated, so far as constant 
temperature is concerned. No experiments respecting the 
influence . of temperature changes have yet been made ; it 
is to be expected, however, that if solid mixtures are formed 
with absorption of heat, the miscibility will decrease as 
the temperature rises. 

So fax as the facts already observed in connection with 
isomorphism are any guide, it would seem that examples 
of case I are not infrequent. Thus, the sulphates of nickel, 
magnesium, and zinc form mixtures in all proportions con- 
taining seven molecules of water of crystallization ; in such 
mixtures, further, the most soluble constituent ultimately 
completely replaces the less soluble ones. On the other 
hand, substances which mix in all proportions and give 
a certain mixed solution which possesses maximum or 
minimum osmotic pressure, are at present not known with 
any certainty. It may be expected, however, that such 
cases would occur amongst those substances which ai*e not 
only completely miscible but also form double salts ; certain 
salts of silver and sodium, and of magnesium and calcium 
behave thus. Any particular example can only be quoted 
as typical of one or another case after both the mixed 
crystals and the solutions in equilibrium with them have 
been analyzed; the solutions have unfortunately been 
totally ignored up to the present. One example of case 4 
was, however, completely investigated by Bakhuis Rooze- 
boom ^ ; this instance deals with mixtures of the chlorates of 

* . n^'fc. Chem, viii. 531. 
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potassium and thalliam. Both these substances crystallize 
in the monosymmetric system, possess similar crystalline 
forms, and give rise to isomorphous mixtures, not, however, 
in all proportions. The following table gives the ex- 
perimental results : — 





One litre of Solution contains 








Num- 










Molecular per- 


ber 
of ex- 


grams of 


miligram mole- 
cules of 


C1+C2. 


ra 


centage of 
KGlOs in the 


peri- 








mixed crystals 

X, 


ment. 


TlClOs. 


KCIO3. 


TlClOs 


KClOs 

C2. 






I 


25637 




89.14 




89.14 








a 


19.637 


6884 


6827 


56-15 


124.42 


4513 


2.00 


3 


I2-OOI 


26.100 


41-73 


212*89 


25462 


8361 


12.61 


4 


9036 


40064 


31.42 


326.79 


35821 


91.23 


2501 


5 
6 


7.885 

7935 


46497 
46-535 


27.42 
27.60 


379.26 
379-57 


406.68 
407.17 


93-26 
93-22 


3630 and 97.93 


7 


6706 


46410 


23.32 


378-55 


401.87 


9420 


9928 


8 


6723 


47109 


23-37 


384-25 


407.62 


9427 


99.60 


9 


4858 


47-312 


16.89 


385-91 


402.80 


95-81 


99.62 


10 


2769 


47134 


963 


38446 


39409 


97-56 


9967 


II 




49925 




407.22 


407.22 


100 


100 



Experiments i and 11 were made with solutions of the 
pure salts. The mixtures deposited in experiments 7-10 
were scale-shaped crystals similar in appearance to those of 
potassium chlorate ; experiments 2-4 yielded much smaller, 
acicular crystals resembling those of thallium chlorate. 
Both kinds of crystals were obtained side by side in ex- 
periment 5 ; after removing them, and allowing the mother 
liquor to evaporate, the same two kinds of crystals sepa- 
rated and the solution preserved its composition unchanged, 
as is shown by No. 6. Such behaviour is, however, only 
possible if the deposited crystals have the same average 
composition as the dissolved matter. This is confirmed by 
analysis, the crystals containing 93*8 per cent of potassium 
chlorate and the solid matter in solution 93*22 ; the slight 
difference is, of course, to be ascribed to experimental error. 
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The mother liquor from experiment 6 was again allowed to 
evaporate and the deposited crystals were then carefully 
sorted into the two kinds and analysed. The percentages 
of potassium chlorate thus obtained were respectively ^6''^ 
and 97*93. 

On representing graphically the relation between x and 
y in this example, a curve is obtained which is completely 
analogous to Fig. 7; it shows (?rf=a7j=36'3, Dd—Ee= 
93':J4, (?^=a!2=97'93. There is a very large gap in the 
series of mixtures reaching from 36'3 to 98 per cent, of 
potassium chlorate. The straight line BE is thus very 
long ; it also lies very high on the curve, inasmuch as the 
solution which is in equilibrium with both kinds of mixed 
crystals contains much more potassium chlorate than 
thallium chlorate (y=93'24). The first kind of mixed 
crystals (o-36'3 per cent potassium chlorate) is deposited 
from solutions whose dissolved substance is much richer 
in potassium chlorate ; the branch CB (Fig. 6) con- 
sequently rises very rapidly. The second kind of crystals 
can only occur within very narrow limits (98-100 per cent, 
potassium chlorate) and is deposited from solutions contain- 
ing less potassium salt than the crystals. The continual 
separation of solid hence causes the solution to change in 
composition until that special solution results from which 
both kinds of crystals are deposited ; no further change in 
composition can occur after this stage is reached. 

The complete correspondence with case 4 further indicates 
that the curve of osmotic pressures is of the form represented 
in Fig. 6. No data confirming this are, however, at 
present available. The curve of total concentration (<?i + c^ 
of the solution is seen from the table to rise very rapidly 
between a?=o and aT=36'3. From x = ^6'g to x=gj'()^, 
the solution always contains 407 molecules per unit volume. 
When a?= 100, c^ is apparently still 407 ; between x=zgS 
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and 37= 100, however, the values of ^i + Cg seem somewhat 
oncertaiii, since the numbers change irregularly. The 
equilibrium between solutions and mixed crystals containing 
30 little thallium chlorate, is perhaps not very readily 
established. The branch EF of the curve (Fig. 6) deviates 
but little from the straight line BB ; even for such small 
differences, however, the curve of total concentration does 
not show whether the branch BF of the osmotic pressure 
curve rises or falls. 

Since isomorphous substances frequently form both 
a continuous and a discontinuous series of mixtures, it 
would at least seem probable that the latter is only possible 
between isodimorphoua compounds. The next chapter 
must here be anticipated and mention made of the fact 
that chemically simple compounds often assume two, or 
even three, totally distinct crystalline forms ; such sub- 
stances are termed dimorphous, trimorphous, or generally 
polymorphous. If two chemically analogous substances 
each possess two or three crystalline forms, those of the 
one compound being isomorphous with the analogous forms 
of the other, such compounds are described as isodimorphous 
and isotrimorphous respectively. 

Several instances are known of isodimorphous substances 
which conform to case 4 of Roozeboom's classification. 
Bammelsberg ^ investigated mixtures of ferrous and mag- 
nesium sulphates (PeSO^, 7H2O and MgSO^, 7H2O) and also 
of ferrous and manganous sulphates (FeSO^, 7H2O and 
Mn SO4, 7H2O); after allowing mixed solutions of these salts 
to crystallize for some time, the residual mother liquors de- 
posited two kinds of mixed crystals which varied but slightly 
in composition. Retgers^ observed similar phenomena 
with mixtures of sodium and silver chlorates ; it is doubtful 

* Pogg, Ann, xci. 321 ; Zeita./. physik. Chem, iii. 54a. 
' ZeitKh, /. physik, Chem, iii. 45a. 
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whether the behaviour of mixtures of the nitrates of sodium 
and silver ^, and of the nitrate and chlorate of sodium ^, is in 
accordance with case 4 or 5, since the compositions of the 
solutions were not determined. 

It seems highly probable that case 5 is exemplified by 
mixtures of beryllium sulphate and selenate (BeSO^, 4H^0 
and BeSeO^, 4H2O) ; Topsoe's work shows that the two 
kinds of mixed crystals of limiting composition contain 
approximately 12 and 20 per cent, of beryllium selenate 
(BeSeO^) molecules. The solution from which both kinds 
of mixed crystals are deposited contains more than 25 per 
cent, of molecules of the composition BeSeO^. Con- 
sequently, the relation y>x holds in this case, and the 
curve plotted between x and y should be of the form 
shown in Fig. 9. It would also be expected that by con- 
tinued evaporation of a solution of these two salts, the 
amount of the tetragonal mixed crystals containing 1 2 per 
cent. BeSeO^ molecules deposited, would decrease, and an 
increasing proportion of the orthorhombic crystals contain- 
ing 20 per cent of BeSeO^ would separate. Mixtures of zinc 
sulphate (ZnS04,7H20) with the corresponding sulphates 
of iron, manganese or copper, and mixtures of magnesium 
sulphate (MgS 0^,71120) with copper or manganese sulphate 
apparently behave in accordance with case 5 ; further study 
of these pairs of salts is, however, required in order to 
confirm this. 

The behaviour of mixtures of ferric chloride (FcgClg, 
12H2O) and ammonium chloride (NH^Cl) is of quite 
a special kind and has been investigated by Bakhuis 
Roozeboom ^ ; these two salts not only form mixed crystals,' 
but also yield a double salt (4NH4CI, Fe2Cl6, 2H2O).' 
The relation between the solutions and the crystalline' 

* Zeitsch. /. physik. Chem. iv. 600. * BuU, Soc, Min. vii. 349. 

' Zeitsch. f, physik. Chem, x. 145. 
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mixtures in equilibrium with them is shown by the 
following table : — 



•8^ 


Oontents of the Solution 






)rime 


Parts by weight | 


Molecules 


per 100 


Kind and Compoeii 
solid crystalline 


tion of the 


per 100 


pta. of 


molecules of Water | 


mixture. 


J25g 


Water 


NH4CI. 


PeOls. 






NH4CL 


Feuis. 










I 





8388 





9-30 


FeaCl^, 12H2O 




a 


334 


8632 


1-09 


9-57 


n >» »> 




3 


403 


91*61 


I 36 


9-93 


,, „ „ + Double Salt 


4 


592 


8364 


2*00 


9-27 


Double Salt 




5 


831 


78.77 


a-79 


8-71 


» » 




6 


9*21 


77-54 


3-II 


8-60 


»> >» 




7 


I2*o8 


7320 


405 


809 


n y> 




8 


1553 


69-01 


5-22 


7-65 


)} )) 




9 


19-12 


6483 


6-41 


7.18 


» )9 




10 


22-88 


6128 


7.70 


679 


>» « 




II 


3204 


5600 


10.78 


6-21 


>» >» 




12 


2321 


6083 


7-82 


6-75 


7-29 per cent, of 




13 


2305 


5990 


7.76 


6.64 


7.10 FeaClg ' 


2 


14 


22.63 


53-47 


7.62 


5-94 


5-55 


5 


15 


22.85 


4930 


7.69 


5-71 


5-00 




16 


22-90 


45-42 


7.70 


5-03 


4-40 


^ 


17 


2300 


4292 


7-74 


4.76 


225 


^1 


18 


23-23 


39*13 


781 


4-34 


3-8o 


19 


2305 


3456 


7.76 


383 


3-06 


20 


2533 


25-43 


8.52 


2-82 


1*64 


1 




ai 


2841 


15-33 


9*60 


1.70 


094 , 
0.31 ' 


22 


3255 


615 


10.95 


068 


N^ 


23 


3530 





II 88 





NH4CI 





An inspection of the table shows that three different 
solubility curves must be distinguished. The first curve 
gives the compositions of the saturated solutions containing 
ferric chloride and ammonium chloride, which can exist in 
presence of the solid salt, Y^\^\% HgO ; experiments 1-3 
refer to this curve. The second curve (experiments 4-1 1) 
gives the solubility of the two salts in presence of the solid 
double salt (4NH4CI, Fe^Clg, ^^p) whilst the third curve 
(experiments 12-22) shows the solubility in presence of 
mixed crystals of ferric and ammonium chlorides. At the 
point where the first two curves intersect, the solution is Tel 
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equilibrium with both ferric chloride and double salt ; 
similariy, the second and third curves cut at the point at 
which the solution is in equilibrium with the double salt 
and the mixed crystals containing the largest amount of 
iron. These two points are ftirther characterized by being 
those at which the quantities of the two solid phases pre- 
sent are independent of the composition of the solution, in 
accordance with Gibbs' rules. At the first point of inter- 
section, addition of solid ferric chloride would not cause the 
composition of the solution to change ; on the other hand, 
addition of ammonium chloride would only be without 
influence on the solution until sufficient had been added to 
change all the solid ferric chloride into double salt. At 
the other point of intersection of the curves, addition of 
one or the other simple salt might cause a change in com- 
position of the solution in one or the other direction ; so 
that after equilibrium was again established, the composi- 
tions of solution and solid matter would correspond to some 
point situate only on one or other solubility curve. It is 
noteworthy that the proportion of iron in the solution and 
mixed crystals changes abruptly at experiment 17 ; whether 
this indicates that the crystalline form of the ferric chloride 
in the mixed crystals changes into the ordinary cubic 
form of ammonium chloride or not, cannot yet be decided 
with certainty. It is, however, significant that at this 
point the ferric chloride only contains 7-8 molecules of 
water of crystallization ; consequently, the supposition 
that a cubic modification of ferric chloride (FcgClg, SHgO) 
exists, is by no means unjustifiable ^. 

Many substances not only furnish isomorphous mixtures 
having the same crystalline form as their constituents^ but 
also yield another kind of mixtures whose crystalline form 
has nothing in common with the forms usually assumed 

> Zeitsch, f, phynk. Chem, ii. 167. 
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by the component substances ; the author's investigations ^ 
of thallium and potassium thiosulphates illustrate this. 
Potasium thiosulphate is ordinarily obtained in anhy- 
drous hexagonal trapezohedral tetartohedral crystals, whilst 
the corresponding thallium salt crystallizes in the mono- 
symmetric system, although also anhydrous. A mixed 
solution of the two substances deposits hexagonal or mono- 
symmetric crystals, according as the potassium or the 
thallium salt preponderates ; the former crystals thus 
simulate the form of the potassium, and the latter that 
of the thallium, compound. If, however, the solution 
contains about equal parts of the two substances, a rapid 
separation of orthorhombic crystals occurs; these have no 
relation to either the hexagonal or the monosymmetric 
forms of the pure salts. Their composition only varies 
within very narrow limits, analyses of two different 
preparations showing them to contain 84'6 and 84*0 per 
cent, of TLjSjOg respectively. The question consequently 
arises, whether this behaviour is due to the formation of 
a double salt or of a solid solution ; a double salt in which 
the constituents were in the proportion of one equivalent 
of potassium to two of thallium contains 8:j«8 per cent, of 
TlgSgOg, whilst one containing four equivalents of potas- 
sium to nine of thallium would contain 84*3 per cent, 
of the thallium salt. It is important to note fchat a so- 
lution containing the component salts in the ratio iK : 2TI 
does not at first deposit the orthorhombic crystals ; such 
behaviour points to the conclusion that the latter merely 
consist of an isomorphous mixture. Such a view is, how- 
ever, opposed by the observation that sodium thiosulphate, 
which ordinarily contains two molecules of water of crystal- 
lization, also forms a mixture with thallium thiosulphate 
resembling in composition and crystallographic properties 

^ Zeittch,/. Kryst. yi. z6o. 
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the orthorhombic crystals of the mixed thallium and potas- 
sium salts. 

The difficulty disappears on a consideration of the 
following facts. Thallium thiosulphate forms mixed crys- 
tals with the corresponding strontium salt, although the 
latter when pure crystallizes with four molecules of water 
of crystallization. The crystals, however, are neither 
hexagonal like those of the strontium salt nor monosym- 
metric like those of the thallium salt, but are always 
orthorhombic and have nothing in common with the 
crystals of the pure individual salts ; these orthorhombic 
crystals are, on the other hand, very closely related in form 
to the orthorhombic crystals of thallium and potassium 
thiosulphate, but differ from them in having no constant 
composition. The obvious conclusion is that both are iso- 
morphous mixtures. From this it might be expected that the 
strontium salt would also mix with the potassium salt ; ex- 
periment showed, however, that such mixtures could not be 
prepared. On the other hand, mixtures which contained the 
thallium compound in addition to the strontium and potas- 
sium salts were readily obtained ; these triple mixtures also 
possessed an orthorhombic form, nearly related to those of 
the thallium-potassium and thallium-strontium mixtures. 
It appears further that similar phenomena occur with most 
thiosulphates ; the most remarkable being those observed 
with mixtures of ammonium thiosulphate and the thio- 
sulphates of the heavy metals. 

Ammonium thiosulphate, per se, crystallizes in the mono- 
symmetric system with ij molecules of water, whilst the 
thiosulphates of the heavy metals crystallize in the anorthic 
system and contain more water, usually 6 molecules. By 
allowing mixed solutions to crystallize, however, the salts 
of the heavy metals cannot be induced to assume the mono- 
symmetric form of ammonium thiosulphate, nor conversely 
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will the latter take up the anorthic form of the thiosulphates 
of the heavy metals by mixture with them. Under such 
circumstances monosym metric crystals are obtained which 
do not show the slightest relation to those of the ammonium 
salt, although belonging to the same system. Up to the 
present eight mixtures of ammonium thiosulphate with 
thiosulphates of the heavy metals have been examined ; six 
of these are completely isomorphous, as is shown by the 
following table. The optic axial plane is in each case per- 
pendicular to the plane of symmetry. 



Compound. 



I. Zn-NH^ Salt 
a. Cd-NH4 

3. Fe-NH4 

4. Ni-NH4 

5. C0-NH4 

6. Mn.NH4 



Axial Batios 
a : 6 : c. 



2*0597 • I • I '2042 
2-1299 : 1 : 1*2263 
2*0564 : I : 1*1907 
2*0643 : 1 : 1*2077 
2*0594 : 1 : 1*2045 
2*1289 • I • i'Si73 



Angle 


Optic 
axial angle 


/5* 


forNa 




light. 


89^8' 


nr 


89° 11' 




89^9' 


72« 


89%' 


74^ 


89° 6' 


74^ 


88^41' 





Inclination of 

optic axial plane 

to vertical axis 

in 

obtuse angle fi. 



10" 



80° 

83^ 
if 



The composition of these substances is represented by 
the formula [(NHJ2,R] SPe, \\ HgO, in which (NHJ2 
and R are isomorphous and consequently replace each other 
in equivalent proportions ; the metal R may be either zinc, 
cadmium, iron, nickel, cobalt^ or manganese. This formula 
is used in the following table in order to present more 
clearly the relationship existing between these substances. 

The first five columns give the ratio 

(NHJ,S,0„ iiH,0 : RSp,, liHp, 

as deduced irom the analytical results ; the numbers in 
brackets under these are the corresponding values calculated 
from the nearest assignable molecular ratio of the two salts 
which is stated in the last column. 
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[CH. 



Sabatanoe. 


(NH4),0 
percent. 


BO. 


(NH4),S,0., 
i4H,0. 


BSjO,, 
i4H,0. 


Sum. 


Mole, 
cular 
Batio. 


I. Zinc-ammonium salt 














(a) Tabular crystals 


18.47 


6-39 


79.19 


19.90 


9909 






(1864) 


(6.44) 


(79-93) 


(20-07) 


(100) 


2 :9 


(b) Prismatic crystals 


18-82 


582 


80-71 


18.12 


98-83 






(19-02) 


(5-93^ 


(81-57) 


(18.43) 


(100) 


1:5 


a. Cadmium-ammo- 


14-34 


16.40 


61.50 


3836 


99.86 




ninm salt 


(13-97) (17-15) 


(5989) 


(40.11) 


(100) 


1 :2 


3. Iron-ammonium salt 














(a) crystals from solu- 


16.81 


8.12 


72.09 


27.43 


9952 




tion of PeO : (NHt^jO 


(17.11) 


(788) 


(73-36) 


(26-64) 


(100) 


1:3 


(6) crystals from solu- 


18.73 


589 


8032 


19.90 


100-22 




tion of PeO:4(NH4)20 


(18.77) 


(5-77) 


(8051) 


(19.49) 


(100) 


2:9 


4. Nickel-ammonium 


1864 


5-74 


79-94 


18.90 


9884 




salt 


(18-73) 


(5-97) 


(80.34) 


(19.66) 


(100) 


2 :9 


5. Cobalt-anmionium 


18-69 


5-73 


80.15 


18.86 


9901 




salt 


18.73 


5-97 


(80.34) 


(19-66) 


(100) 


2 :9 


6. Manganese-ammo- 


18.41 


5-63 


78-95 


1923 


98.18 




nium salt 


18-79 


5-69 


(80.58) 


(19.42) 


(100) 


2:9 



The ratio RSgO^, iJHgO : (NHJgSgOe, liHgO varies 
from I : 5 in the zinc salt to \ \ %ycl the cobalt salt ; in 
most cases, however, it approximates to li : 9. This varia- 
tion in the proportion of combination is opposed to the 
recognition of such compounds as true double salts, that is, 
as molecular compounds in constant proportion ; the iron 
salt, for instance, undoubtedly forms two such mixtures. 
The recent researches of Roozeboom render it fiir more 
probable that these salts are deposited when the osmotic 
pressure of the solution has either a maximum or a mini- 
mum value. A definite conclusion as to these phenomena 
can only be obtained from an investigation of both solution 
and crystals ; the prosecution of such an inquiry would, 
however, be attended with considerable diflSculty, owing 
to the instability of the compounds concerned. 

Special mention is necessary of the power of forming 
mixed crystals, possessed by certain substances which, 
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although endowed with similar crystalline forms, are dis- 
similar in respect to their chemical properties. According to 
the observations of Marignac, niobium-tungsten fluotitanate 
and oxyfluotitanate are isomorphous ; so also are the fluo- 
silicate, fluotitanate, fluostannate, oxyfluoniobate and oxy- 
fluomolybdate of zinc. Further, the acid silicotung^tates 
of barium and calcium and the free silicotungstic acid are 
isomorphous. 

Scheibler has also shown that several metatung^tates 
which contain different proportions of water of crystalli- 
zation, possess quite similar forms. The most remarkable 
case is, however, that of the isomorphism of certain silico- 
tungstates and borotungstates. According to Klein's in- 
vestigations ^, the compounds indicated in the following 
table not only possess similar crystalline forms, but also 
yield mixed crystals : — 

(i) 9WO3, BaOs, 2H2O +22HsO 

12WO8, SiOa, 4H2O +a9HaO 

9WO3, B2O3, NajOjHaO + aaHaO 

(2) 9WO3, ,2BaO +i8HaO 
4WO,, BaO +10H2O 

(3) 9WOs, B2O3, flCNHOaO + i9HjO 
4WO,, (NHO2O +8HjO 

In order to explain facts of this kind, the above-named 
observers were forced to extend and specially modify the 
law of isomorphism, inasmuch as the older views and 
observations were insufficient to account for the formation 
of isomorphous mixtures of such substances, although double 
compounds might well be produced. 

During recent years, a considerable number of examples 
have been recorded of substances which form isomorphous 

^ Cbtnpf. rerid. xcv. 781 ; compare also Zeitsch.f, Kryst. iz. 409. 

K 2 
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mixtures, but are at the same time very slightly, or not at 
all, related in a chemical sense. The explanation of such 
cases will probably only be found after more extended 
examination by the method employed by Bakhuis Rooze- 
boom. 

A^dfe. — In addition to the example quoted on p. 121, see also, for other 
cases, Muthmann and Kuntze, Zeitsch f. Krysi. xxiii. 368. 



CHAPTER XIX. 

The Properties of Mixed Crystals. 

• 

Many comparative studies of the properties of mixed 
crystals have been made during the search for some eluci- 
dation of the nature of crystallization, and of the kind 
of combination existing in isomorphous mixtures. The 
prosecution of such investigations is, however, attended 
with great difficulty, since homogeneous products can only 
be obtained by the expenditure of considerable time and 
trouble. The fact that really homogeneous crystalline 
mixtures can exist, is vouched for by their frequent 
occurrence amongst minerals such as olivine, alstonite, 
barytocelestine, &c. 

The lack of homogeneity in mixed crystals depends 
essentially upon a kind of stratified structure^ the crys- 
talline individuals being built up of layers of different 
chemical composition. According to the previous argu- 
ment respecting crystalline growth, such a phenomenon 
must necessarily occur, if the prevailing conditions undergo 
any change during the process of crystallization ; such 
changes may be caused by an alteration in the composition 
of the solution, owing either to the gradual deposition of 
solid matter, or to a quick separation due to cooling or 
rapid evaporation. The difference in the successive layers 
deposited in unit time will naturally be the greater as 
these changes are the more strongly marked ; further. 



134 Chemical Crystallography. [ch. 

a crystal of one substance will grow if placed in the 
saturated solution of another and an isomorphous substance, 
because layers of the dissolved substance become deposited 
upon the growing crystal. 

These non-homogeneous mixed crystals possess consider- 
able scientific interest, inasmuch as they furnish a certain 
proof that diflPerent kinds of structural units have the 
power of uniting to form a single individual crystal. On 
attempting, however, to generalize this principle, without 
in some way modifying it, and thence concluding that 
homogeneous mixed crystals could be built up from struc- 
tural units of diflPerent kinds, results are attained which 
are no longer in accordance with the facts. 

So far as the geometrical properties are concerned, it 
was early supposed that the angles of mixed crystals should, 
without exception, lie between those of their components ; 
this is the case in most of the rhombohedral carbonates and 
of the plagioclases. Groth ^, however, showed that certain 
well-characterized mixed crystals of potassium perchlorate 
and potassium permanganate gave angular measurements 
which lay outside the limits imposed by the angles of the 
individual salts. Arzruni ^ and Neminar ^ found similar ex- 
ceptions with celestine and barytocelestine, whilst Sansoni * 
also observed such phenomena amongst some double salts 
of the aliphatic acids. 

The optical properties of mixed crystals are of greater 
interest than the geometrical ones, aflPording, as they do, the 
best means of certifying the homogeneity of an individual 
crystal. According to Dufet's observations ^ the refractive 
indices of isomorphous mixtures vary directly with the 
chemical composition. Dufet started with the assumption 

* Fogg, Ann. czxxiii. 193. • Zeiisch. d. d. geol. Ges. xxiv. 484. 

' Tsckermaks Min. Mitt, 1876, 59. * Zeitsck,/, Kryst, vi. 67. 

* Compt. rend, Ixxxvi. 881. 
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that the time occupied by a ray of light in traversing a 
certain thickness of a mixed crystal, is equal to the sum of the 
times in which the ray is propagated through the layers of 
the individual constituents which it traverses. The re- 
fractive index N of the mixture may then be calculated 
from the formula 

where n and n^ are the refractive indices of the components, 
and p and jOj their quantities expressed in equivalents. 

Another theory of light propagation in isomorphous 
mixtures has been mathematically developed by Mallard ^. 
He bases the investigation on the general supposition 
that the component substances preserve their special crys- 
tallographic and optical properties unaltered in the mixtures, 
or more particularly that the elastic forces developed in 
a mixed crystal by light vibrations, should be the resultants 
of the elastic forces operative in each of the component 
substances. Thus let A^ B^ and C represent in magnitude 
the optical elasticities along the three axes of an ortho- 
rhombic mixed crystal, and a, b, and c, and a, )3, and y the 
corresponding values for the two components ; then the 
relation which subsists is expressed by the equations 

A^ = ua^ + va^ 
B^ = uh^ + v^^ 

where u and v represent the percentage numbers of mole- 
cules of the two constituents respectively present in the 
mixed crystal. 

Both Mallard and Dufet's laws agree that the optical 
properties of two isomorphous substances are not appreciably 

^ Zeitseh.f. Kryst, vi. 619. 
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affected by combination of the substances to form a mixed 
crystal. It is practically of little moment whether the 
refractive index of the mixture is calculated from one or 
the other formula in any special case ; great experimental 
diflSculties consequently attend any attempt to assign 
greater correctness or greater probability to either law. 
The observations which have been made agree with both 
laws, either equally well or equally badly; in general, how- 
ever, the above laws seem to be confirmed, and therefore 
their discoverers conclude that isomorphous mixtures are 
the result of a purely physical process, such as would be ob- 
tained by arranging structural units of different kinds 
side by side. 

A full confirmation of the validity of laws of this kind 
is much to be desired, as they would afford a means 
of deciding whether isomorphous mixtures or definite 
chemical compounds are being dealt with in certain cases. 
It must, however, be remarked that from the present con- 
dition of optics, and more especially from our knowledge of 
the refractive properties of chemical substances, no appreci- 
able deviation from these laws would be expected, even if iso- 
morphous mixtures really are chemical compounds. The 
refraction equivalents of elements or groups of atoms undergo 
no appreciable change, so long as the bonds between the 
atoms are of similar kinds, or the individuality of the groups 
remains essentially unchanged. Further, the chemical 
bonds uniting isomorphous substances are certainly so 
feeble, that in any case their influence on the refractive 
power would probably^ be but small even when compared 
with the discrepancies noticed between chemical compounds 
of the same type. The correspondence of most of the obser- 
vations with the above-mentioned laws cannot therefore 
be considered as constituting a proof, even if contradictory 
observations be rejected on the ground of non-homogeneity 
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of the crystals. The measurement of the refractive indices 
of artificial crystals, and more particularly of mixed crystals, 
is attended with so much difficulty, and the values obtained 
with the better characterized isomorphous mixtures differ 
so slightly from the calculated numbers, that a definite 
solution of the problem by experimental methods is hardly 
to be expected. 

Wyrouboff correctly recognized that a better criterion 
of the truth of these laws is to be found in measurements 
of the optic axial angle ; a small deviation &om the law in 
the ease of the median refractive index has a very consider- 
able effect on the magnitude of the axial angle, especially 
when the double refraction is weak. Several examples of 
such cases may be here quoted. 

The following table was arranged by Mallard ^ from 
measurements made by Wyrouboff on mixtures of potas- 
sium sulphate and chromate : — 



Molecules of 

KsCrOt in 

percentages. 


Half the optic 
Observed. 


axial angle measured 
Calculated. 


in oU for red light. 
Difference = A. • 




4-93 
6-53 


57° 53' 
57° 0' 
50° 12' 


49° 48' 


+ 7° 12' 
+ 2° 24' 


10-04 
2325 


44°- 
36° 45' 


42° la' 
37° 30' 


+ 1° 38' 
-o%5' 


4055 


31° 40' 


33° ao' 


-i°4o' 


ioo>oo 


29° 45' 







The calculated semi-axial angles may be considered as 
liable to an error of 2°, owing to inexact measurements of 
the refractive powers of the constituent salts ; an error 
of 30' is also possible in the direct measurements of the 
half-axial angles. A total difference of aj° between the 
observed and calculated values is hence quite possible. So 

' BvAX, de la Soe. Min, de France, iii. 3. 
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large a difference as 7°, however, seems to lie outside the 
limits of experimental error, and scarcely agrees with the 
laws stated above. Since, however, other measurements 
made by Wyrouboff agree satisfiictorily with the calculated 
values it may be considered as demonstrated that the 
formulae express the facts. Such a proof can indeed lay 
no claim to unconditional recognition, especially when it is 
considered that great deviations from the law are scarcely 
to be expected, and that consequently any individual 
anomalous case would be of extraordinary importance. 

Wyrouboff^ has investigated one case which is in 
obvious contradiction to the laws of Mallard and Dufet. 
The tartrates of ammonium and thallium are completely 
isomorphous, both belong to the monosymmetric system, 
show nearly identical angles, and crystallize together in all 
proportions. The ammonium salt has a cleavage parallel to 
the basal plane, the optic axes lie in the plane of symmetry, 
and the optic axial angle is 42° 38^ The thallium salt, 
on the other hand, shows no cleavage, the optic axial 
plane is perpendicular to the plane of symmetry, and the 
axial angle is 59 i°. The isomorphous mixtures of the two 
salts, however, invariably show the same cleavage and 
optic axial plane as the ammonium salt ; a mixture con- 
taining 88*7 per cent, of the thallium salt was moreover 
obtained, in which the optic axial angle was found to be 
43° 30', being thus completely identical with that of the 
pure ammonium salt. 

During recent years Retgers ^ has entered upon a study 
of the specific gravities and molecular volumes of isomor- 
phous mixtures. The results show that the molecular 
volumes of such mixtures simply possess additive values, 
and may thus be directly calculated from the chemical com- 

* Zeitsch./. Kryst. xiii. 648. 

* Zeitsch. /. physik. Chem. from vol. iii. 
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position ; the specific gravity is therefore directly propor- 
tional to the composition, so long as the crystalline form 
persists unaltered. The molecular volumes of chemical 
compounds are however, in general, the sums of the corre- 
sponding atomic volumes, so long as no special difference in 
the chemical bonds or linkages comes into play ; further, 
determinations of the density of artificial crystals are 
usually attended by considerable errors. Any other result 
of such an investigation than that stated above is con- 
sequently scarcely conceivable, and the study of the optical 
properties yields results of much greater importance to the 
subject of isomorphism. 

The validity of Dufet's law has but little bearing on the 
question as to whether van't HoflTs application of the 
term * solid solutions ' to isomorphous mixtures be correct 
or not, inasmuch as the term solid solution simply 
carries with it the idea that the physical properties alter 
continuously with the chemical composition. This, ac- 
cording to the above-mentioned investigations, seems to 
be perfectly true. No more explicit signification than this 
can be given to the term ' solid solution,' since even liquid 
solutions frequently occur, in which the physical properties 
cannot be calculated additively from those of their 
constituents. 



CHAPTER XX. 

General Conclusions respecting Isomorphism. 

From the above discussion of the available observations 
relating to isomorphism, it is evident that the properties 
of mixed crystals are such as might be expected from 
van't Hoff's view that crystalline mixtures should be 
regarded as solid solutions. The correctness of this view 
is certainly not demonstrated ; but no hypothesis ever is, 
in the end, absolutely proven, its scientific value being 
principally determined by the completeness with which it 
unites the facts, and the stimulus which it gives to in- 
vestigation. In this last respect the new theory is quite 
unique. 

The extent to which solid substances can mix to form a 
homogeneous solid solution is greatly limited, and such 
solutions are of comparatively rare occurrence ; they are to 
be met with only amongst metallic alloys and isomorphous 
mixtures. Amongst gases this power of mixing to give 
a homogeneous product is a general one, and occurs to 
an unlimited extent. The property is already greatly 
limited in the case of liquids; some liquids are com- 
pletely immiscible, some only mix within certain limits, 
whilst others are miscible in all proportions. Relations of 
the same kind as for solid substances thus hold here, only 
the power of forming mixtures is of less frequent occur- 
rence, and is much more restricted, in the case of solids. 
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No explanation of this peculiar behaviour of liquids and 
solids has yet been given. In the case of the latter, mix- 
ture usually occurs only amongst substances of chemically 
analogous constitution, which, moreover, possess similar 
crystalline forms, being hence isomorphous. In recent 
years, however, there has been a considerable increase in 
the number of substances known which, whilst they do 
not satisfy these conditions, yet form homogeneous solid 
solutions. Consequently, the property of mixed crystal- 
lization cannot be considered as a criterion of isomor- 
phism, but, on the other hand, the possession of similar 
crystalline forms is of the utmost importance as indicating 
that two substances will form isomorphous mixtures. Of 
course a perfect appreciation of the conditions governing 
isomorphism will only be attained when a complete 
theory of the state of aggregation of solid bodies has been 
built up on an experimental basis : — a theory such as the 
present one of the gaseous condition. The h3rpothesis of 
solid solutions, however, may well lead the way to this. 

A homogeneous mixture of two solid substances, of 
which one is present in only a small proportion, is thus 
a ' dilute ' solid solution ; the two constituents can also be 
distinguished as the solvent and the dissolved substance. 
The question now arises, whether the dissolved substance 
exercises a definite partial pressure (osmotic pressure) 
analogous to that exerted in liquid solutions. The employ- 
ment of semipermeable membranes, such as were used in 
the latter case, is obviously impossible in the case of a itolid 
system ; the power of difiusion possessed by substances 
contained in solid solution, however, unmistakably demon- 
strates the operation of an expansive force, which may be 
compared to the osmotic pressure. Several instances of 
this power of diffusion of solid bodies may be here recalled 
to mind. Hydrogen readily dissolves in platinum or 



142 Chemical Crystallography. 

palladium, and then gradually permeates the whole mass 
of the metal ; carbon is absorbed by hot porcelain crucibles 
and ultimately passes through them ; according to Spring, 
solid barium sulphate and sodium carbonate act upon each 
other until a condition of equilibrium is attained ; such 
behaviour seems scarcely possible unless mutual molecular 
penetration occurs. Lastly, the fact that many solid bodies 
are electrolytes, indicates the possibility of diffusion in the 
solid state, since according to modem views the ionic 
carriage of electricity is hardly separable from diffusion. 

Further, if the possibility of difiusion, and consequently 
of the exertion of partial pressures, be admitted in solid 
solutions, it can be shown that these partial pressures 
determining the diffusion of dissolved substances from 
concentrated parts of the solution to the more dilute, are 
subject to the same laws as the osmotic pressures, i. e. to 
the laws of gases. The laws which govern ordinary liquid 
solutions should thus be equally applicable to solid solutions, 
and amongst others, those laws which underlie the methods 
of determining molecular weights. As Nemst has very 
suggestively pointed out ^, a clue is thus obtained to an 
exact method for estimating the comparative size of 
crystalline molecules. From the observations of Rooze- 
boom on crystalline mixtures of thallium and potassium 
chlorates Nemst arrives at the view that potassium 
chlorate in the solid solution has a molecular weight 
corresponding to KCIO3 ; this he deduces by applying his 
so-called *law of distribution,' according to which the 
coefficient of distribution of a substance between two 
solvents in contact with each other is a constant at a given 
temperature, if the molecular weight in the two solvents 
be the same. 

* Zeitsdn., /. physik, Chem. ix. 137. 



CHAPTER XXI. 

Historical Sketch op Physical Isomerism. 

According to Haiiy's views, which are described above, 
it was just as little possible that one and the same sub- 
stance should possess two crystalline forms, as that two 
different substances should exhibit the same form. The 
vigour with which Haiiy combated everything favouring 
the former possibility will be readily understood from what 
has been previously said. 

The earliest observations of any importance in this respect 
were made towards the end of the last century. The 
chemical identity of rutile and anatase was then recognized 
by Vauquelin ; these two minerals, although quite different 
in crystalline form, yet belong to the same system. De Tlsle 
had clearly distinguished between calcite and aragonite 
some time before, supporting his conclusions principally 
upon crystallographic evidence ; the distinction had^ how- 
ever, become very doubtful owing to the establishment of 
the chemical identity of the two minerals by Klaproth in 
1 788. A critical re-investigation of the two minerals Was 
consequently instituted by Brochant and Haiiy and re- 
sulted in the confirmation of the difference in crystalline 
form ; doubts were then raised as to the accuracy of Klap- 
roth*s analyses ; these, however, were completely set at rest 
by Th^nard, who in 1 800 repeated the chemical examination, 
employing every means at that time available for ensuring 
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accuracy. Nevertheless, Haxiy refused to trust the results, 
and in the following year expressed the opinion that more 
extended investigation would reveal chemical diflPerences 
between calcite and aragonite. Such diflPerences indeed 
actually seemed to exist, for Stromeyer, after discovering 
strontium in 1813, made the observation that all the 
aragonite examined by him contained a greater or less 
proportion of strontium, whilst calcite, on the other hand, 
was free from this element. Haiiy was thus enabled to 
explain the fact that aragonite is an orthorhombic mineral, 
whilst calcite belongs to the rhombohedral system ; he 
supposed that strontium carbonate possesses a great power 
of crystallization, and thus, when present in small quantities 
in calcium carbonate, constrains the latter to assume the 
orthorhombic form. Haiiy's views thus seemed to receive 
a brilliant confiirmation, and mineralogists were quite pre- 
pared to consider all future cases of a similar kind as de- 
pendent on an incomplete knowledge of the chemical 
composition of the substances concerned. 

As has been already shown \ Haiiy's hypothesis was to 
a great extent modified in 18 19 by Mitscherlich's discovery ; 
to Mitscherlich also was due the incontrovertible proof that 
one and the same substance can actually exist in two dif- 
ferent crystalline modifications. During his work on the 
phosphates and arsenates in 182^1 he observed that sodium 
dihydrogen phosphate NaHgPO^jHgO was an exception to 
the general rule, in that its crystalline form diflPered from 
that of the corresponding arsenate, although the same 
amount of water of crystallization was present in both salts. 
He was therefore led to vary the conditions of crystallization, 
and on one occasion obtained the phosphate in the same 
form as the arsenate. Although on the whole the fact seemed 
to him doubtful and he did not publish it, yet, as has been 

» Chap. XVI. 
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mentioned above, it was not altogether without influence 
on his definition of isomorphism, which dates &om the same 
year. In 1823 Mitscherlich made the further observation 
that sulphur behaves in much the same way as sodium 
phosphate ; by slowly cooling liquid sulphur, monosym- 
metric prisms are obtained, whilst the natural crystals and 
those deposited from solution are orthorhombic pyramids. 
This, then, was a clear proof that one and the same chemical 
substance, and even a chemical element, may possess two 
crystalline forms. Haiiy, however, did not live to witness 
this last correction of his views; he died in 1821. 

The name dimorphism was reserved for this newly -dis- 
covered phenomenon, and substances by which it is 
exhibited^ such as sulphur, sodium phosphate, and calcium 
carbonate, were described as dimorphous. 

Numerous examples of dimorphism were soon noticed ; 
in 1827 it was observed that the sulphates and selenates 
of magnesium, zinc^ and nickel crystallize both in the 
tetragonal and orthorhombic systems with the same pro- 
portion of water of crystallization. The deposition of one 
or the other form is conditioned by the temperature, tetra- 
gonal crystals separating from warm solutions, whilst the 
orthorhombic forms are deposited in the cold. In the 
following year it was discovered that single substances 
could assume not only two but three, and sometimes 
more, different crystalline forms ; such substances are 
consequently described as trimorphous and polymorphous 
respectively. 

This discovery seems to have had a certain influence 
upon pure chemistry. Until this time the principles 
underlying this science had much in common with Haiiy's 
views; the various physical and chemical states of solid 
bodies were supposed to be accompanied by differences 
in percentage composition, and any facts not agreeing with 

L 
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this supposition were attributed to errors of observation. 
In 1824 Liebig showed that fulminuric acid had the per- 
centage composition which Wohler in the previous year 
had assigned to cyanic acid. If the analogous observations 
of Mitscherlich on polymorphism had been unknown, this 
fact would certainly have been received with grave sus- 
picion ; other cases of the same kind, recorded a little later 
by Faraday and by Clark, would also have fared similarly 
instead of meeting with speedy recognition. Berzelius, 
who was recognized as the greatest authority in chemical 
science, immediately took these discoveries under his pro- 
tection and made most important contributions to their 
development. Thus, in 1828, he distinguished between the 
different crystalline forms of tin oxide, and two years later 
established the identity in composition of racemic and 
tartaric acids. He termed such substances as these, isome- 
rides, and described the phenomenon itself as isomerism. 

The cause of isomerism was at this time just as doubtful 
as was that of dimorphism, and many attempts were made 
to trace the two phenomena to the same source. In course 
of time, however, a sharp distinction was made between 
chemical isomerism^ and dimorphism or physical isomerism, 
A consideration of chemical isomerism is not within the 
scope of the present work, and the mutual relations of the 
two subjects will therefore not be more fully discussed. 



CHAPTER XXII. 

The Properties op Physical Isomerides. 

Differences between two substances possessing the same 
percentage composition may be merely of a physical nature 
— affecting only the state of aggregation, crystalline form, 
colour, hardness^ density^ and melting point, and causing no 
essential alteration in a chemical sense — or may also extend 
to chemical properties. In the latter case the differences 
are due to the different ways in which the atoms are grouped 
together in the chemical molecule; this has been con- 
clusively demonstrated by numberless investigations of 
* chemical isomerides.' Substances which differ physically, 
but not chemically, and belong to the first category with 
which alone we are at present concerned, have only received 
careful consideration during recent years. The cause of the 
differences seems to lie merely in the various ways in which 
the chemical molecules are grouped together to form more 
complex molecules which have been variously named 
physical molecules, liquid molecules, or structural units. 
Such substances have been described by Lehmann^ as 
' physical isomerides ' ; at first this term was usually only 
applied to organic compounds, whilst isomerism of the same 
kind, when occurring in the province of inorganic chemistry^ 
was described as allotropy, heteromorphism, dimorphism, 
polymorphism or polysymmetry. 

^ Zeitaeh,/. KryBtA.gr 
L 2 
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It is often by no means easy to decide whether a certain 
case is an example of physical or of chemical isomerism ; with 
certain elements, such as phosphorus and carbon, distinc- 
tion may be possible. Such far-reaching differences as 
exist between graphite and diamond, or yellow and red 
phosphorus, can hardly be ascribed to mere differences in 
the number of chemical molecules which combine to form 
one physical molecule. It is extremely significant that the 
difference between ordinary oxygen and ozone can be with 
certainty assigned to the fact that the chemical molecides 
contain two and three atoms respectively. Reasoning from 
analogy, it seems justifiable to conclude that the cases of 
carbon and phosphorus, and of so-called allotropic modifi- 
cations generally, are instances of what is termed chemical 
polymerism. 

Special mention should be made of a number of sub- 
stances, whose modifications, though scarcely distinguish- 
able by purely chemical means, are more readily distin- 
guished than those of other isomerides in a particular way. 
These substances form the class of ' optically active * com- 
pounds, i. e. those which, when in the liquid state, rotate 
the plane of polarization of light. 

Two modifications of tartaric acid are known, which, 
when dissolved in a convenient solvent, rotate the plane of 
polarization of light to an equal extent, but in opposite 
directions ; the one is thus dextro-rotatory and the other 
laBvo-rotatory. These substances crystallize without water 
of crystallization and are absolutely similar in chemical 
properties ; further, as would be expected, they both crystal- 
lize in the same system (the monosymmetiic) and have 
exactly the same crystallographic dimensions. The crystals 
are, however, hemimorphic, and the two modifications 
show the remarks "I f '"^ ^^ifference, that the 

one always prps ^ome, though 
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not necessarily in a conspicuous manner, the right 
semi-form, whilst the other always exhibits the left semi- 
form. 

According to the work of Le Bel and van't Hoff, the 
optical diflFerence between the dextro- and Isbvo- tartaric 
acids is due to the different arrangement in space of the 
atoms composing the chemical molecules ; such cases are 
therefore instances of chemical isomerism. The cause of 
the slight crystallographic differences observed between 
such * optical isomerides ' is thus to be found in the different 
configurations of the molecules of the optically active modi- 
fications of a substance. The general rule is found to hold 
that optical isomerides crystallize in hemihedral or hexni- 
morphic forms which are at the same time enantiomorphous ; 
that is to say, the crystals of the two modifications are related 
to each other as a right-hand glove is related to a left-hand 
one, or as the figure of a man is related to its image in a 
mirror. Right-handed forms are thus present on crystals 
of the one modification, and left-handed forms upon those of 
the other isomeride. This rule only holds for such optical 
isomerides as rotate the plane of polarization to the same 
extent, but in opposite directions, and which may hence 
be termed ^optical antipodes* \ the converse of the rule, 
however, is not true, since many substances are known 
which, though crystallizing in hemihedral or hemimorphic 
forms, are not optically active in solution. 

Racemic acid (para-tartaric acid) possesses the same 
composition and the same chemical properties as dextro- 
and Isevo-tartaric acids, but differs from them in having 
no effect on the plane of polarization of light ; it is thus 
optically inactive in solution. It is prepared by crystal- 
lizing a mixture of equal weights of the two optically 
active modifications; whilst, however, the active acids 
crystallize without water, racemic acid separates from 
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solution with water of crystallization, consequently no crys- 
tallographie comparison is possible. Further, the salts of 
tartaric and racemic acids, respectively, always contain 
different proportions of water of crystallization, so that 
their crystalline forms are not comparable. Unfortunately, 
but few cases are known in which the racemic form of a sub- 
stance crystallizes with the same proportion of solvent as 
its optically active components. One such case, however, 
has been described by Armstrong and Pope ^. Three modi- 
fications of sobrerol may be obtained, i. e. laevo-, dextro-, 
and para-sobrerols. The two active modifications have 
identical chemical properties and crystallize in hemimorphic, 
monosym metric prisms ; the crystals of these optical an- 
tipodes are consequently enantiomorphous. On crystal- 
lizing a mixture of equal weights of each, holohedral 
orthorhombic crystals of the racemic modification are 
obtained. A very intimate crystallographic relationship 
exists between the crystalline forms of the active and 
inactive substances, as will be seen from the axial ratios 
given below : — 

Active Sobrerol ) ( a : b : c=:a«4ii3 : i : 0'853i 

(Monosymmetric) J ( i3=83'*38'. 

Inactive Sobrerol ) j a : b : c=a'424a : i : 0'8268 

(Orthorhombic) / \ (i3=90> 

It is noteworthy, that Pasteur found one salt of racemic 
acid which could be split up by crystallization ; if a crystal 
of sodium ammonium dextro- or IsBvo-tartrate be brought 
into a solution of sodium ammonium racemate saturated 
at 28°, the salt of the dextro- or laevo-acid respectively 
separates. This property of combining together to form an 
inactive racemic modification is apparently not possessed 
by all pairs of optical antipodes ; several instances have 

^ JouiTi, Chem, Soc, 1891, 315. 
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been described in which no definite racemic modification 
could be prepared. The two oppositely active modifica- 
tions when crystallized together seem sometimes to form 
partially interpenetrant twins, as in the case of the active 
camphorsulphonic chlorides described by Kipping and 
Pope ^. Similar instances have been described by Menozzi 
and Appiani ^. 

Numbers of substances behave similarly to the tartaric 
acids^ and crystallization has frequently proved a valuable 
aid in the separation of the two active modifications of 
a compound. These facts are of the greatest crystallo- 
graphic importance, more particularly in connexion with 
the theory of crystalline structure, inasmuch as they 
furnish a proof that slight changes in the chemical molecule 
find expression in the external crystalline form ^ ; although 
this alteration is but one of the many causes influencing 
crystalline structure. 

Optically active and so-called allotropic substances are 
thus chemical isomerides and polymerides respectively, and 
owe their existence to differences in the constitution of the 
chemical molecule; all the cases of so-called physical 
isomerism are, on the other hand, to be ascribed to the 
different numbers and groupings of similar chemical 
molecules to form one physical molecule. In considering 
the properties of the physically isomeric modifications of 
a substance, it has first to be noted that these modifications 
are in general characterized by the possession of quite dis- 
similar crystalline forms ; such substances are therefore 
ordinarily described as heteromorphous, dimorphous, tri- 
morphous, or, in a more general sense, as polymorphous. By 
a careful consideration of their various crystalline forms, 

* Jcum. Chem. Soc. 1893, 554. ' Oat. chim. ital 1894, xxiy. i. 370. 

' Sohncke assigns the immediate cause of hemimorphiam to the 
particular structure of the chemical molecules. 
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Pasteur first showed, that, though belonging to different 
crystaUine systems, they often present similar angles; 
further, those modifications which belong to crystalline 
systems of lower symmetry are frequently seen, from the 
magnitudes of their angles, to approach the symmetry 
possessed by the more symmetrical modifications. The 
optical properties, at the same time, exhibit remarkable 
analogies. 

Thus, calcium carbonate crystallizes in the rhombohedral 
system as calcite, and in the orthorhombic as aragonite. 
The prism angle of the latter is 116** 13', and when the 
prism is accompanied by the brachypinacoid, the combination 
has much the same appearance as a hexagonal prism of 
calcite, of which the angle is iizo**. This approximation to, 
or mimicry of, the higher hexagonal symmetry is frequently 
increased by complicated twinning upon the primary prism. 
Similar relations hold between the two modifications of 
arsenic trioxide and of antimony trioxide. The former 
occurs in nature both as the cubic mineral arsenolite and 
as the orthorhombic one claudetite; antimony trioxide is 
found in similar forms as senarmontite and valentinite. 
Between the orthorhombic and cubic forms the remark- 
able relation exists, that the orthorhombic prism angle 
(70** 3 a') has the same value as the cubic octahedron 
angle. Further, the orthorhombic and cubic minerals are 
respectively isomorphous. Substances of such analogous 
chemical constitution, which exhibit at the same time 
isomorphism and dimorphism, are termed ' isodimorpkous ' ; 
if trimorphism is concerned, the substances are said to be 
^ isotrimorjtkoits* Examples of isodimorphism and even of 
isotrimorphism are not uncommon; the two physically 
isomeric groups of the pyroxenes and amphiboles may be 
quoted as an instance. Each of these two groups is 
composed of minerals which belong to three different 
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crystalline systems, 1. e. the orthorhombic, monosymmetric, 
and anorthie, and all possess analogous compositions ; the 
members of each group, even when belonging to different 
systems, possess the closest possible resemblance to each 
other, in respect to their angles, cleavages, and optical 
properties. Further, the corresponding members of each 
gmup show a great similarity in form and optical properties ; 
the sharp distinction between them only becomes evident 
when the cleavage is considered. Two kinds of physical 
isomerism must here be carefully distinguished : the one 
existing between the different members of one and the 
same group, which, in spite of the various crystalline 
systems to which the members belong, only introduces 
slight differences ; and the other kind of isomerism which 
finds expression in the corresponding members of the 
two groups. Both kinds certainly arise &om different 
causes ^ 

The various felspars are related to each other in much 
the same way as the amphiboles and pyroxenes. It is 
frequently observed that one physically isomeric modi- 
fication of a substance is chaiucterized by a tendency to 
affect a certain habit in its growth, and then by repeated 
twinning to mimic the higher symmetry of other modi- 
fications of the same substance. Scacchi recog^zes in this 
a special property of physical isomerides to which he gives 
the name * polysymmetry.' 

So far as purely physical properties are concerned, the 
usual character by which the modifications of a substance 
are distinguished is the fusibility. Each modification, 
however, does not necessarily possess a particular 
melting point; one modification is stable at the high 
temperatiire, and the other isomerides are often converted 
by heat into this form before liquefaction can take 

^ Compare p. z66. 
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place. The following table gives some examples of the 
melting points of physically isomeric substances : — 



Name. 


Formula. 


System. 


Melt, 
ing 
Point. 


Hydroquinone 


C.H4COH), 


I. Monosymmetric 
9. Hexagonal 


167° 


Benzophenone 


(C35),C0 


I. Orthorhombic 
9. Monosymmetric 


a6° 


Metachloronitro- 
benzene 


CeH4ClN0, 


I. Orthorhombic (?) 
9. Unknown 


44° 

23° 


Nitrometachloroni- 
trobenzene 


C3sCl(N0j)2 


I. Monosymmetric 
9. Monosymmetric 
3. Orthorhombic 


36° 
37° 
39° 


Nitrotetrabromo- 
benzene 


CeHBr^NOj 


I. Unknown 
9. Unknown 


96° 
60° 


Paratolylphenyl- 
ketone 


GqHs . CO . CyJiy 


I. Monosymmetric 
9. Hexagonal 


58° 
55° 


Ethylic dibenzhy- 
droxamate 




I. Orthorhombic 
9. Anorthic 


58° 
63° 


Benzanisbenzhy- 
droxylamine 


C7H.O \ 
CTHfiOa/ 


1. Orthorhombic 

2. Monosymmetric 

3. Anorthic 


"4° 
110° 

"3° 


Dibromopropionic 
acid 


CH3.CBra.COOH 


I. Orthorhombic (?) 
9. Tetragonal 


64° 

51° 



From the melting points given above, it will be observed 
that since physical isomerism is by no means a lare 
phenomenon amongst organic substances, melting-point de- 
terminations lose somewhat in importance as a means 
of characterizing and identifying compounds. The other 
physical properties of physical isomerides have hitherto 
been but seldom subjected to thorough comparative study ; 
so far as is known, however, the specific gravity, hardness, 
and also the solubility of such isomerides are, as a rule, 
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different, very considerable differences in these respects 
having been observed. Much more attention has been 
paid to the conditions under which the various modifications 
of a substance are formed, and under which they are con- 
vertible one into the other. It has thus been established 
that an alteration in the potential energy of the material 
always accompanies the conversion of one modification into 
another ; this change may cause, firstly, a development of 
heat, or, secondly, an absorption of heat. Changes of the 
first kind are naturally the most readily followed, and have 
hitherto been exclusively studied. From this redistribution 
of heat it is at once evident that temperature plays the 
most important part in the mutual interconversion of 
physical isomerides ; it is also found, however, that con- 
tamination with foreign substances is not without in- 
fluence in some cases on the formation of one or another 
modification. 

Thus Gustav Rose ^ observed that the amorphous pre- 
cipitate formed by adding ammonium carbonate to cold 
calcium chloride solution afber a time becomes crystalline 
and acquires the crystalline form and specific gravity (:2*7 2) 
of calcite. On precipitating hot solutions or heating a 
solution of calcium carbonate in carbonic acid, a crystalline 
deposit is obtained which has the form and specific gravity 
(2*95) of aragonite. This changes to calcite on remaining 
in contact with water in the cold ; if, however, the pre- 
cipitate has been previously separated and dried, the change 
into calcite cannot be caused to occur. It therefore 
seems justifiable to conclude that the temperature alone is 
concerned in the formation of one or the other modification 
of calcium carbonate. Jb'urther investigation shows, how- 
ever, that a low temperature is by no means essential to 
the formation of calcite ; the latter can be obtained at icx)*", 

* i^. Ann. cxi 156 ; cxii. 43. . • ,., ;•• •*• 
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and conversely aragonite can be prepared at ordinary tem- 
peratures. Credner^ showed that, on standing, a solution 
of calcium carbonate in carbonic acid contaminated with 
an alkaline silicate, deposits calcite crystals showing very 
brilliant faces and a large number of forms. If, however, 
strontium or lead carbonate be the impurity in the solution, 
only aragonite crystals are deposited; these are obtained 
with the greater ease and certainty as the quantity of 
foreign carbonate added is the larger. Consequently, an 
aqueous solution of pure calcium carbonate, under ordi- 
nary conditions deposits either calcite or aragonite with 
equal facility; as the temperature is raised, however, the 
conditions become more favourable to the formation of 
the latter modification, although no sharp line of de- 
marcation can be drawn ^. Further, when an aragonite 
crystal is subjected to a low red heat it crumbles to a crys- 
talline powder, which is conclusively proved to consist of 
calcite by specific gravity determinations. 

The phenomena exhibited by the various modifications 
of sulphur are of especial interest. Mitscherlich first 
found that the temperature at which sulphur assumes the 
solid form determines the particular isomeric form assumed 
by the element. Sulphur crystallizes in the monosymmetric 
system on solidifying from the molt-en state ; when crys- 
tallized from solution at the ordinary temperature, ortho- 
rhombic crystals are obtained. It has more recently been 
shown, however, that the orthorhombic modification of 
sulphur may be prepared by crystallizing sulphur from its 
solutions at high temperatures. The monosymmetric 
crystals, obtained by cooling molten sulphur, gradually 
and spontaneously change into the orthorhombic form on 
standing at ordinary temperatures ; further, the reverse 

* J(mm. f. prakt. Chem, 1870, (2) ii. 992. 
* ' • ^ Compare Vater, Zeitsch. f. Kryst, 1893, xxL 433 ; 1894, xxii. 209. 
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change is also brought about by heating the orthorhombic 
form just below its melting point. There is, however, 
a definite temperature at which the two modifications are 
formed with equal readiness ; at this temperature the one 
modification does not change into the other, i. e. the one 
modification is not formed at the cost of the other. 

Gemez ^ has thoroughly followed the course of formation 
and interconversion of these two isomerides. If an ortho- 
rhombic sulphur crystal be left in contact with a mass of 
the monosymmetric variety at the ordinary temperature, 
conversion of the whole mass into the orthorhombic form 
commences. The conversion proceeds from the original 
point of contact with the greatest regularity, and causes the 
previously transparent mass to become opaque ; the speed 
at which the change proceeds is greater or less, as the 
temperature is higher or lower. Near the neutral temper- 
ature — which is equally favourable to the formation of 
either modification — the change is very slow. Thus, with 
one preparation obtained by melting the element at ia9'5° 
and solidifying it at 88*9**, it was subsequently observed that 
at 95'i°, conversion only proceeded a distance of 10 m.m. 
in the mass during twenty-four hours^ whilst at 94'6° the 
same amount of change occurred in nine and a half hours. 
The speed increased considerably as the temperature fell, 
until at 50'' the maximum velocity of conversion was 
reached ; below this temperature the speed decreased until 
at 23° the conversion proceeded at the same rate as at 94*6*'. 
The speed of conversion is greater, other conditions re- 
maining the same, when the monosymmetric modification 
is obtained by allowing the molten sulphur to crystallize 
in contact with a crystal of the monosymmetric form. 

Certain other conditions also exert an influence on the 

^ Ann. de Chim. et de Phys. (6) yii. 933 ; compare Zeiiach, /. KrysL 
xiii. 497. , . - •* 
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rapidity of conversion, as, for instance, the temperature to 
which the sulphur has been heated during the fusion. 
Monosymmetric sulphur deposited from a magma fused at 
a low temperature, changes into the other variety with 
a constant velocity; the speed of change is, however, 
greater for sulphur which has been more strongly heated. 
These diflPerences between the velocities of conversion be- 
come less distinct as the interval of time between the 
crystallization and the commencement of the change 
increases. ^Finally, it is to be noted that the speed of 
conversion is considerably diminished by repeated fusion 
and solidification ; if, however, several weeks be allowed 
to elapse between two experiments, the velocity of con- 
version will be found to have increased, although it never 
again attains the same high value as with ' new ' sulphur, 
i. e. sulphur which has been repeatedly crystallized from 
carbon bisulphide, then pulverized and freed from any 
adhering solvent by warming at a temperature below 90**. 
It must therefore be concluded, that, on heating molten 
sulphur, some molecular change is caused which influences 
the properties of the substance even after solidification has 
occurred. 

Another excellent example of physical isomerism, or 
more particularly of polymorphism, is afforded by am- 
monium nitrate. Frankenheim observed that this sub- 
stance crystallizes in rhombohedra at high temperatures, 
whilst under ordinary conditions it assumes an orthorhombic 
form. According to Lehmann's researches ammonium ni- 
trate is tetramorphous. Its melting point is about 168°, 
but is considerably influenced by the presence of a little 
moisture, from which it is almost impossible to purify 
the substance. As the molten mass begins to solidify, 
eight-rayed skeletal crystals are deposited ; these are 
: seen to be isotropic in polarized light, and consequently 
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belong to the cubic system. As the cooling continues, 
a sudden change occurs at 127**, and the crystals become 
doubly refracting ; those which are still in the liquid part, 
change their form and at the same time increase consider- 
ably in size, owing to the new modification being less 
soluble than the cubic one. The new crystals are found to 
be rhombohedra by observation of their shapes, their forms 
of growth, and their optical properties ; this, therefore, is 
Frankenheim's rhombohedral modification. On allowing 
the temperature of the magma to fall to 87°, acicular 
orthorhombic crystals separate and develop themselves 
in regular positions about the rhombohedral individuals 
already present. The orthorhombic crystals are elongated 
along the vertical axis, and usually arrange themselves so 
that this easily recognized axis coincides with one of the 
lateral axes of a hexagonal individual, whilst the brachy- 
or the macro-axis runs parallel to the principal axis of 
the latter. Not infrequently also the vertical axis of the 
orthorhombic crystal lies perpendicular to a lateral axis of 
the rhombohedron ; the mutual positions assumed by the 
axes of the two modifications are, however, always per- 
fectly regular, and not merely fortuitous. The needle- 
shaped orthorhombic crystals consist of an approximately 
right-angled prism and a dome form ; a pyramid form is 
also sometimes present. This modification is not identical 
with that in which ammonium nitrate is deposited &om 
its aqueous solution, although this form is also an ortho- 
rhombic one. On heating ammonium nitrate the modi- 
fications change into each other in the reverse order. 
At ^d" the ordinary orthorhombic form changes into 
the second orthorhombic form which may be recognized 
by the approximately right-angled prism; at 87° the 
rhombohedral modification appears, and at 127^ the cubic 
modification is formed. The mass finally melts at I68^ 
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Further, each of these changes is accompanied by an 
absorption of heat. 

Potassium nitrate behaves similarly to the isomorphous 
ammonium nitrate, but in the former case no cubic modi- 
fication has yet been observed. 

A large number of physically isomeric substances have 
been closely examined microscopically by Lehmann, whose 
results are recorded in numerous papers ^. Since the crys- 
tallographic examination of the individual modifications 
can be only incompletely carried out by microscopic 
methods, this work has not the crystallographic import- 
ance which it would otherwise possess. Lehmann's work 
is, however, of the greatest importance to chemistry, since 
it makes possible a method of microscopic analysis; by 
the aid of this, substances of indefinite melting point, 
which it is difficult or impossible to obtain in measurable 
crystals, can be identified or recognized with ease and cer- 
tainty. Such investigations are therefore worthy of all 
attention ; special mention may also be made of a work 
by Haushofer^, which shows to what great importance 
the micro-crystallographic examination of substances has 
already attained in practical chemical work, and more par- 
ticularly in analytical investigations. 

* Zeitsch. f. Kryst i. 97, 6a6 ; iv. 609 ; v. 472 ; vi. 48, 580 ; viii. 433, 
529 ; X. I, 321 ; xu. 377. 

^ Mihroskcpische Reactionen, Braunschweig, 1883. 



CHAPTER XXIII. 

The Nature of Physical Isomerism. 

It has been already mentioned that physical isomerism 
is probably due to the different kinds of grouping of the 
chemical molecules which make up the physical molecules 
or structural units. Lehmann has, however, attempted 
to institute a further classification ^ by distinguishing 
between physically ' polymeric ' and physically ' metameric ' 
substances. 

Amongst the former, the individual modifications of 
a substance differ in the numbers of chemical molecules 
which unite to build up one physical molecule ; the latter 
only differ in the arrangement of the chemical molecules 
within the physical molecule. Physically polymeric sub- 
stances are supposed to be those in which the change of 
one into the other only proceeds in one direction ; amongst 
physically metameric substances, the first (labile) modifi- 
cation can be converted into the second (stable) form, whilst 
the second modification cannot be directly converted into 
the first. Ostwald ^, however, considers that this distinc- 
tion is scarcely possessed of much importance, since the 
different behaviour of the two classes of substances can be 
very readily explained from their melting points. There is, 
in general, for each physically isomeric modification of 
a substance a definite range of temperature within which 

' Xoc. ct/. ' Lehrlmch der oUgtimeintn Chtmie, and ed. p. 948. 
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it is stable ; it is easily seen that the possibility of inter- 
conversion of the several modifications in one or both 
directions must be determined by whether the melting 
point lies within or without this range of temperature. 
If the melting point lies above the thennometric range 
of stability for any two modifications, the inter-conversion 
of these will be possible in both directions. Should the 
melting point, on the other hand, lie within these limits, 
the sudden cooling of the molten and overheated substance 
will give rise to the modification stable at the higher 
temperature ; although this may persist for some time at 
the ordinary temperature, there will always be a tendency 
for it to revert to the modification which is stable at 
the lower temperature. 

The experimental evidence adduced by Lehmann is thus 
not suflScient to definitely establish the distinction between 
physically polymeric and metameric substances ; never- 
theless, much may be said, a priori, in fevour of such a 
classification. The distinction can only be established when 
methods for determining the size of the physical molecules 
or structural units are discovered. Several suggestions as 
to the possibility of this are made by Groth in his Munich 
inaugural address ^, to which the reader is refen-ed. 

The fact that the conversion of one physically isomeric 
modification of a substance into another, as in the case of 
sulphur, is accompanied by a considerable evolution or 
absorption of heat, renders it at least probable that the 
two states differ in the number of chemical molecules which 
form one physical molecule or structural unit ; the prin- 
cipal argument in favour of this, is that the analogous 
inter-conversion of the two gaseous forms of sulphur is also 
accompanied by an absorption or evolution of heat. The 
size of the physical molecules, i. e. the smallest freely 

^ t^ber die Molekuiarheschaffenheit der KrystaUej Munich, 1888. 
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moving particles, can be exactly determined in the case 
of the gaseous modifications, whilst the same information 
respecting solid bodies can only be deduced from specula- 
tions of questionable legitimacy, or be based on conclusions 
drawn from analogy. 

In the discussion of problems such as these the results of 
thermochemical investigations are of the greatest import- 
ance. If, for example, the quantity of heat corresponding 
to the combination of two chemical molecules were known, 
it would be possible to arrive at some general conclu- 
sions respecting the size of the physical molecules or 
structural units of the various modifications of a substance 
from determinations of the heats of solution of the latter. 
At present the above heat equivalent is not known in any 
particular case ; without the knowledge of this, however, 
some information may be obtained by comparison of the 
heats of solution, although the different crystalline forms 
or crystalline structures certainly correspond to different 
heat equivalents. 

Another possible method of determining the relative 
molecular magnitudes of physically isomeric substances 
seems to lie in a purely chemical province. Tschermak 
has shown that the minerals of the pyroxene group can 
be referred to a silicate of the composition CaMgSi20Q; 
for a certain quantity of silicic acid this contains exactly 
one atom of calcium and one atom of magnesium, its mole- 
cule must therefore contain at least two divalent metallic 
atoms. The pyroxenes are, however, isodimorphous with 
the amphiboles, and have as their basis a silicate of similar 
constitution, but which contains only one atom of calcium for 
every three of magnesium. The molecules of this class of 
minerals must therefore contain at least four bivalent 
metallic atoms and, using the simplest possible chemical 
formuke, contain twice as many atoms as those of the 

M 2 



1 64 Chemical Crystallography. [ch. 

pyroxenes. It is, however, pretty well established that the 
structural units of the two groups of minerals are of corre- 
sponding sizes, that is to say, the smallest individual par- 
ticles taking part in the structure of the crystal contain 
twice as many atoms or chemical molecules respectively 
in the case of the pyroxenes as in that of the amphiboles. 
Using Lehmann's method of description, this would be 
termed a case of physical polymerism. The question now 
at once arises: — What relation do the members of these 
groups bear to each other? Do they afford an example 
of physical isomerism, or are they isomorphous amongst 
themselves? The generally received assumption, that one 
and the same physical molecule or structural unit can only 
assume one single crystalline form, obviously favours the 
first of these views ^ ; leaving this hypothesis out of con- 
sideration, however, the differences between the individual 
members of these groups of minerals may be attributed to 
their crystalline structures, since different point systems 
are known ^ which explain the transition between the 
several crystalline systems. 

It is important to observe that those kinds of crystals 
which externally seem to possess a higher degree of sym- 
metry than is actually the case, frequently have a lamellar 
structure ; the optical anomalies often exhibited by appa- 
rently cubic, hexagonal, or tetragonal substances are closely 
connected with this. The latter phenomena are attributed 
to the existence either of internal tension or of twinning in 
the crystal ; the first view has been supported principally 
by C. Klein, the second by Mallard. The attempts to explain 
these phenomena on the ground of internal tension have 
no bearing on the question of dimorphism and therefore 
will not be further discussed here; the explanation of 
optical anomalies as the result of twinning, however, 

^ Cf. BrOgger, Zdtsch.f. Kryst, xii. 500. ' Cf. pp. 105, 165. 
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closely affects the question under consideration. The 
hypothesis of twinning would receive considerable support, 
if, in any individual case, crystals could be shown to have 
a lamellar composite structure ; the mica combinations of 
von Beusch are of the greatest importance in connexion 
with this, since, by the regular piling up of thin plates 
of biaxial mica, the optical characters of a uniaxial crystal 
can be closely imitated. 

If the last-mentioned view be the correct one, then, as 
Groth pointed out in his address, the dimorphism of those 
substances whose modifications possess crystalline forms 
which are very closely inter-related, but belong to different 
systems, may be explained by the assumption that, in the 
modification of least symmetry, the structural units are 
arranged in parallel positions, whilst in the modification of 
higher symmetry the elements in the different alternating 
layers have acquired different orientations, owing to the 
operation of a kind of twinning. Such a method of con- 
sidering the question is yet further supported by the fact 
that the point systems (Sohncke's) of high symmetry may be 
often derived by combining those of lower symmetry ; point 
systems of this kind are all characterized by the fact that 
their structural units are not arranged in parallel positions. 
There is thus a perfect agreement between Mallard's views 
respecting these optical anomalies and Sohncke's theory. 
The two have hitherto stood somewhat apart, because 
Mallard's considerations were based upon Bravais' theory, 
which, as mentioned above, deals only with parallel 
positions of the structural units. Mallard recognizes only 
the space-lattices as forms of structure, whilst Sohncke's 
point systems include not only these, but also forms of 
structure derived from differently orientated and inter- 
penetrating space-lattices. The circumstance that Mallard 
was enabled to simplify Bravais' theory in the direction of 
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Sohncke's point-system theory by a somewhat romidabout 
and experimental method, should be distinetly recognized, 
since the subject was considerably advanced thereby. 

The hypothesis of physical metamerism is thus shown to 
be unnecessary for the explanation of the foregoing facts ; 
the second kind of dimorphism or isomorphism ^, which 
exists between the felspars, the pyroxenes, the amphiboles, 
the beryllium sulphates, &c., should much rather be referred 
to differences in crystalline structure. 

^ Mallard attributed both kinds of dimorphism to polymerism ; 
since he only recognized space-lattices as forms of structure, his 
structural units consist of several Sohncke units. 



CHAPTER XXIV. 

Historical Sketch of Isogonism. 

The discovery of isomorphism was of the greatest im- 
portance not only to crystallography, but also to chemistry. 
In the latter science, as has been already stated, the first 
efiect of the recognition of isomorphism was seen in its 
application to the determination of many of the atomic 
weights ; the new discovery, however, also rendered valu- 
able service in other directions. Thus, the composition of 
selenic acid was first correctly established on the ground 
of the isomorphism of the selenates with the corresponding 
sulphates ; similarly, from observation of the similarity in 
crystalline form existing between the permanganates and 
perchlorates, Mitscherlich discovered the nature of the 
then unknown permanganic acid. Bammelsberg, in his 
investigation of the vanadates, also derived considerable 
assistance from the discovery of the analogy existing 
between their crystallographic constants and those of the 
phosphates. 

As, however, our knowledge of organic chemistry increased, 
attempts were made to trace in that branch of the science 
the regularities already observed in inorganic chemistry ; 
these consisted, partly in a closer investigation of isomor- 
phism, but, to a far greater extent, in the endeavour to 
arrive at conclusions as to the then problematic nature 
of many new compounds by the aid of crystallography. 
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Foremost in this work were the French chemists Laurent, 
Nickl^s, de la Provostaye and Pasteur, who all made 
numerous crystallographic examinations of organic sub- 
stances previous to 1850. 

Laurent principally investigated the halogen derivatives 
and addition compounds of naphthalene, and also the salts 
of some aliphatic acids ; his measurements led him to the 
view, that the divisions between the individual crystalline 
systems should be broken down. He therefore concluded 
that identity of crystalline system was not essential to 
isomorphism, but that an equality or similarity of certain 
angles only should exist. 

Nicklfes worked principally on the salts of the homo- 
logous aliphatic acids, but — as did also de la Provostaye — 
included in the range of his investigations many inorganic 
compounds, comparing, for instance, the chlorate and per- 
chlorate of potassium. Like his fellow workers, he applied 
the term isomorphism to a general similarity of angles, 
thus weakening the limitations imposed by the crystalline 
systems; he was also led to devise new names, such as 
hemi-isomorphism, isomeromorphism, hemimorphism, &c., 
for those cases in which similarity in the angles of chemi- 
cally analogous or isomeric substances is found only in 
single zones. 

Pasteur also seems to have arrived at similar views to 
the preceding, although he did not formulate them in 
so precise a way. During his work on the tartrates he 
noticed such angular similarities ; he contented himself, 
however, with the general remark that certain similarities 
in the external form of the salts could not be overlooked, 
in spite of the different proportions of water present. He 
also stated that no generally applicable law governing 
these phenomena could be enunciated. 

Speaking generally, the above workers arrived at no 
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very satisfactory conclusions ; and the cherished expecta- 
tions with regard to the clearing up of many obscure 
questions in organic chemistry were not fulfilled. The 
investigations also fell somewhat into discredit, owing to 
the detection by Kopp (d. 189a) ^ of numerous errors in 
statements of fact. It is therefore quite easy to understand 
why most chemists shrank from further crystallographic 
investigations, especially when isomorphism had mean- 
while lost considerably in importance in the determination 
of atomic weights. Only a few prominent investigators 
worked on in the old direction ; amongst these may be 
especially mentioned Rammelsberg and Marignac (d. 1894), 
whose numerous investigations considerably increased our 
knowledge of crystallographic chemistry, and who, without 
intermission, pushed on the development of the science. 

It is noteworthy, that the first attempts to extend the 
idea of isomorphism, so as to include cases in which analogy 
exists between substances crystallizing in different systems, 
originated amongst the chemists, and were hotly opposed 
by the physicists; Frankenheim was thus one of the 
foremost in this opposition. The mineralogists, on the 
other hand, divided themselves between the two parties ; 
Delafosse recognized two kinds of isomorphism, that dis- 
covered by Mitscherlich, in which identity of crystalline 
system is a first essential, and that observed by Laurent, 
which is not subject to this limitation ; other workers, as 
Zehme, &c., did not make so sharp a distinction. Rammels- 
berg early gave his allegiance to the latter party ; he con- 
sidered, for instance, that the various crystalline systems 
are mere artificial divisions which are frequently broken 
down and which constitute no hindrance to the expression 
of isomorphism. 

A brief account may be given here of the opinions 

' JoAresber. /. Oi^em, 1849, 19. 
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hold by Schoerer, although they have no real theoretical 
value, owing to their being based on erroneous assumptions. 
As is well known, there is a class of crystalline minerals 
which have in course of time undergone a chemical change 
without a corresponding alteration in crystalline form 
taking place (pseudomorphs). Scheerer, however, over- 
looked this circumstance, and attributed the same crystal- 
line form to both the original substance and its alteration 
product ; he thereby arrived at strange views, such as that 
serpentine and olivine are isomorphous. He concluded 
from his observations that the groups MgO, KgO and 
3HjjO, and also aSiOg and 3AI2O3, are isomorphous. It 
is evident that these considerations have only an historical 
interest at the present time. Sella ^ and Hjortdahl^ must 
yet be noticed amongst the workers who contributed to 
the extension and firm establishment of the laws of isomor- 
phism or isogonism. Sella was of opinion that the problems 
under discussion could be best solved by a systematic investi- 
gation of as many chemical compounds as possible ; ne 
therefore avoided making hasty generalizations from tjhe . 
results of a small number of observations. Hjortdalhl 
confined his attention principally to homologous series jof 
organic compounds. He found a partial similarity |of 
angles in many cases, and therefore drew conclusions similj ar 
to those df Laurent, viz. that a partial isomorphism mu).gt 
be supposed to exist. a 

About twenty-five years ago a considerable change (Bin 
crystallographic chemistry was brought about by the woifirk 
of Groth. Until that time all investigators concerniSjd 
in the examination of organic compounds had striven ^9 to 
apply to them the idea of isomorphism, which had be^eai 
so fruitful in organic chemistry. Groth attacked t%ie 

* M&m. 22. Ace, di Torino (2») xvii. 337, and xx. 355. 

* Joum./. prakl, Chem, xciv. 286. iO 
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problem from another and more general standpoint, asking 
the question which had been so frequently put with success 
in many analogous but purely chemical problems : — What 
alteration occurs in the crystalline form of a chemical com- 
pound of which numerous derivatives exist, when certain 
atoms or groups of atoms are replaced by others ? His first 
investigation was confined to benzene and its derivatives. 
This hydrocarbon has the composition C^Hg, and, since 
each of the six hydrogen atoms may be replaced by many 
others, a very large number of derivatives may be prepared. 
These are mostly solid substances, and are consequently 
adapted to crystallographic examination. A close com- 
parison of the crj'^stalline form of the derivatives with those 
of the parent substance, revealed many relations similar to 
those which Laurent and others had previously discovered. 
The crystalline system is sometimes altered by the 
substitution, sometimes not ; but certain individual zones 
on the crystals invariably show a striking similarity in 
their angles. In order to better exhibit these relations, 
Groth arranged the crystals of the substances concerned, in 
such a way that the corresponding zones should be parallel 
to one and the same crystallographic axis. The changes 
in the zones, caused by the substitution, would be thus 
rendered evident in the most simple manner by a lengthen- 
ing or shortening of the axis. Relations of this kind 
were described as * morphotropic* Groth's method of con- 
sideration certainly offers no explanation of the facts of 
* morphotropy ' as a whole ; it arranges them, however, in 
the simplest and most natural manner, without demanding 
the recognition of any definite hypothesis at the outset. 
It will be shown later, that all the changes in crystalline 
form consequent on substitution cannot be conveniently 
expressed by the axial ratios ; the comparison of crystalline 
forms is, however, by no means subject to this limitation. 
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A better insight into the relations between crys- 
talline form and chemical composition can be expected to 
result only from a more perfect knowledge of crystalline 
structure. Meanwhile, Groth's method of considering the 
matter aflfords the best possible means of reviewing and 
co-ordinating the experimental data. The study of mor- 
photropy is already so far advanced as to be of some service 
to pure chemistry and will consequently be specially con- 
sidered in the following chapter. 



CHAPTER XXV. 

MORPHOTROPY. 

In accordance with modem chemical views, the greater 
number of chemical substances are considered as derived 
from a few typical compounds by the replacement of 
individual atoms or groups of atoms by others; the 
chemical character of the compound is naturally more or 
less changed by such a substitution. What alteration 
occurs in the crystalUne form, as the result of such a re- 
placement ? An atom or atomic group is credited with 
a greater or less morphotropic value according as its 
entrance into a molecule is attended by a great or small 
alteration in the crystalline form ; the general conclusion 
arrived at is that the less the chemical character of a com- 
pound is changed by the substitution, so much the smaller 
is the alteration which occurs in the crystalline form. 
Since now different elements or groups of elements are 
known which possess completely analogfous chemical 
characters, it is easy to understand that cases may occur 
in which similar changes in crystalline form result from 
different substitutions in one original compound. Thus, 
the two normal salts obtained by replacing the two 
hydrogen atoms in sulphuric acid, first by lead, then by 
barium, possess almost identical crystalline forms ; they 
are isomorphous. When considered in this way^ isomor- 
phism appears merely as a special case of morphotropy. 
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Elements or atomic groups which replace each other iso- 
morphously, may be conveniently described as * isomorpho- 
tropic* The change in crystalline form consequent on 
substitution by a certain atom, is by no means a constant 
one ; it depends principally on the nature of the compound 
in which the replacement occurs. The general principle 
may be stated, however, that substitution in a large molecule 
causes less change in the crystalline form than substitution 
in a small one. In accordance with this, it is sometimes 
observed that certain elements behave as isomorphous in 
some compounds, but not in others. 

A brief classification is given below of those elements or 
atomic groups which are isomorphotropic ; i. e. which, 
when replacing each other in any compound, do not, as 
a rule, cause any radical change in the crystalline form. 

(i) Chlorine, bromine, iodine, fluorine, and cyanogen 
in the so-called haloid salts ; chlorine and bromine behave 
like manganese in oxygen compounds. 

(2) Sulphur and selenium. In many compounds, as 
for instance the metallic minerals, these elements are iso- 
morphous with arsenic and antimony, and in others, such 
as the acids H2B»04, with chromium, manganese, and 
tellurium. 

(3) Arsenic, antimony, and bismuth are isomorpho- 
tropic in many sulphur compounds and isomorphous in the 
free state. In the acids, arsenic can be replaced by phos- 
phorus, and in organic bases by nitrogen. 

(4) Potassium, ammonium, caesium, rubidium, and 
sodium are isomorphotropic in most of their compounds. 
The most frequent exceptions are observed in the case of 
sodium; not infrequently also, this element can replace 
silver ^* I'^^hium. The thallium salts often correspond in 
cr^* t^ f the alkali metals. 

, d calcium replace each 
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other isomorphously in anhydrous compounds. The salts 
which contain water of crystallization, however, always 
contain it in different proportions ; the crystalline form 
therefore changes. In some few salts barium is isomor- 
photropic with copper, and calcium with magnesium. 

(6) Magnesium, zinc, beryllium, cadmium, iron, nickel, ^ 
cobalt, and manganese behave as isomorphotropic in most 
compounds, that is, so long as the latter metals are 
bivalent. 

(7) Iron and manganese, on the other hand, are re- 
placeable by aluminium and chromium in most cases in 
which they are trivalent. 

(8) Copper and silver are isomorphotropic in most of 
their proto-compounds. 

(9) The platinum metals — platinum, palladium, 
iridium, osmium, ruthenium, and rhodium— are usually 
isomorphotropic or isodimorphous. 

(10) Silicon, germanium, zirconium, titanium, and 
tin can replace each other in the fluosilicates. 

Only those elements or radicles which replace each other 
isomorphously in most of their compounds are classified 
together in the above list. Much larger numbers of 
often very different radicles can indeed replace each other 
without essentially changing the crystalline form in more 
complex molecules ; the condition then, however, always 
holds, that the chemical character of the compound suffers 
but slight change. Thus, for example, the cubic form of 
the alums remains absolutely the same, when a large 
number of organic ammonium bases are substituted for 
the alkali metal or the ammonium. Ammonium platino- 
chloride shows a similar behaviour; this substance crys- 
tallizes in the cubic system, and on replacing the hy- 
drogen atoms of the ammonium, one by one, by methyl 
groups, Topsoe found the crystalline form to be unaffected. 
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Sabstitution by ethyl groups, however, changes the crys- 
talline system, although a great similarity in angular 
dimensions is still observed, as is shown by the following 
table ^ : — 



Compoeition. 


System. 


fill: III 
1 1ll : III 


hi: III 


111:111 


2NH4CI, PtCl4 . 

2NMe4Cl, PtCl4 . 


Cubic 
Cubic 


70° 32' 
70° 32' 


70^32' 
70° 32' 


70° 32' 
70° 32' 


2NMe2Et2Cl, PtCU 
2NMeEt3Cl, PtCl4 


Tetragonal 
Tetragonal 


72° 43' 
70° 49^ 


72*^43' 
70° 49' 


66° 4' 
69^57' 


2NEt4Cl, PtCl4 . 


Monosymmetric 


(68%2') 


69^19' 


73° 52' 



Generally speaking, substitution alters the crystalline 
form of a compound in two ways, — the degree of 
symmetry may be increased or diminished, on the one 
hand, or, on the oth^, the axes may be lengthened or 
shortened. 

If only one or a few of the equivalent atoms in a com- 
pound are replaced by others, the crystalline system 
generally changes; and usually in such a way that the 
new system possesses less symmetry than the old. If, 
however, most or all of the equivalent atoms are displaced 
by others, the new derivative ordinarily crystallizes in the 
same system as the parent substance. The effect of sub- 
stitution is, however, always greatly influenced by the 
chemical nature of the compound in which substitution 
occurs ; as already observed, the effect is, in general, less in 
molecules containing many atoms than in those containing 
only a few. 

The influence of substitution on the crystalline form of 

* Groth, Zeitsch./, Kryst, yiii. 284. 
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benzene and its derivatives has been the most completely 
investigated ; these substances deserve the closer attention 
inasmuch as Groth discovered the law of morphotropy by 
their study. Benzene crystallizes in the orthorhombic 
system ; on replacing one or several of its six equivalent 
hydrogen atoms by an OH- or NO^- group, the crys- 
taUine system usually remains the same ; and even when 
the substitution extends to two or more hydrogen atoms, 
the symmetry of the crystalline form is not as a rule 
diminished. The length of only one axis changes con- 
siderably, those of the two others remaining practically 
constant. This is analogous to what occurs in the case of 
isomorphous compounds ; morphotropic substances are, how- 
ever, sharply distinguished from these by their inability 
to crystallize together. The following table gives some 
examples of the kind of changes caused in the crystalline 
form of benzene on substitution by hydroxy- ornitro-groups ; 
these derivatives are all orthorhombic : — 



Subttanoe. 


Compocdtion. 


Axial Ratios. 


Benzene 
Phenol 
Resorcinol . 
Pyrocatechol 


C,H, . OH 
C.H»(OH), .1:3 
CeH,^OH)a .1:2 


0-891 : 1 : 0-799 
Unknown 

o>9io : I : 0*540 
Unknown 


Nitrophenol 
Dinitrophenol 
Trinitroplienol . 


C.H| . OH . NO, . I : a 
CeHj . OH . (NO, , . 1:2:4 
CeH, . OHCNOOs . 1:3:4:6 


0-873 •• I : (060 ?) 
0.933 : 1 : 0-753 
0.937 : I : 0.974 


DinitrolK'nzeno . 
Trinitrobenzene . 
Picric acid . 


C.H,(NO,), .1:3 
CHj^NO,), .1:3:5 
C,H4(NOa)30H .1:3:5:6 


09430 : I : 05384 
0.9540 : 1 : 0733 
0-937 : 1 : 0-974 



The two following compounds are monosymmctric, thus 
forming exceptions to the general rule : — 



N 
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Subatanoe. 


Azial RatioB 
a : 6 : c. 


^. 


* 

Orthodinitrobenzene . 
Paranitrophenol 


06112 : I : 05735 
( 0'6625 : I : 0-6849 
J 06796 : I : 0-3445 


67° 53' 
76° 37' 
79° 6' 



On introducing a chlorine or bromine atom, or a methyl 
or ethyl group into the benzene ring, the substitution 
affects not only one zone, but usually causes a degrada- 
tion of the crystalline symmetry ; the morphotropic powers 
of these radicles are consequently greater than those of 
nitro- and hydroxy-groups. The derivatives thus obtained 
mostly crystallize in the monosymmetric system ; and, 
since the axial lengths are considerably altered by the 
obliquity of the axes, the effect of the substitution is not 
always well and simply expressed by the axial ratios. 
The following table therefore gives the angles directly 
measured : — 



Subetance. 


System. 


Angle. 


Benzene . 


Orthorhombic 


no : 1 10 = 96° 30' 


Dichlorobenzene 


Monosymmetric 


no : iio = 98° 40' 


Tetrachlorobenzene . 


}) 


no : lio = 96° 17' 


Dibromonitrophenol . 


» 


120 : 120 = 93° 45' 


Nitrotoluene 


Orthorhombic 


no : iTo = 95° 16' 


Dinitrotoluene . 


Monosymmetric 


no : iio « 98° 51' 


Nitrotoluidine . 


)) 


no: iTo = 95° 58' 


Nitrocnmene 


>i 


no: 110 = 95° 15' 



It is important to notice that the morphotropic effect of 
a substitution is also dependent on the orientation of the 
derivative obtained. Three isomerides of each of the di- 
substitution derivatives of benzene are possible, and they 
differ in crystalline form as well as in chemical properties. 
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The geometrical constants of the three dinitrobenzenes are 
given below : — 



Subetance. 


System. 


GrystallogTaphio 
Gonstants. 


Orthodinitrobenzene . 

Metadinitrobenzene . 
Paradinitrobenzene . 


MonosymTTietric 

Orthorhombic 
Monosymmetric 


0.61 12 : I : 0.5735 

3-67° 53' 

05302 : I : 02855 

2-0383 : I : 1-0432 

/3 = 87°4a' 



The ciystallographic properties of the ortho-, meta-, and 
para-compounds of the aromatic series are not directly 
comparable with each other ; in order to show their inter- 
relation, it is better to compare them with the parent 
substance. The crystalline dinitrobenzenes cannot be com- 
pared with mononitrobenzene, since the latter is a liquid ; 
and on comparing their crystalline forms with that of 
benzene it is perhaps hardly surprising that a relation is 
only observed in one case, i. e. that of metadinitrobenzene. 
The prism form cutting the clino-axis of the latter sub- 
stance at half its length has a somewhat similar angle 
(93** aa') to the primary prism on crystalline benzene 
(96** 30'). In other cases in which complete series of 
substitution-products can be obtained and measured, the 
crystallographic relations can be traced still further; 
conclusions respecting the constitution of substitution- 
products can be sometimes deduced in this way. 

Thus, three isomeric trinitrobenzenes are possible having 
the orientations i : a : 3, i : 3 : 4, and i : 3 : 5 ^ ; only two 
of these are known at present and only the first has 
been examined crystallographically. This is obtained by 
nitrating metadinitrobenzene; and since all three iso- 
merides might be formed in this operation, the constitution 

^ FriedlAnder, ZetYscA. / Kryti, ui. 168. 

N % 
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of the one actually obtained is not demonstrated. It 
crystallizes in the orthorhombic system and has the axial 

I'fli'tjlOS * . 

a\h \c=i 0-9540 : I : 07330. 

These numbers exhibit a connexion with the axial ratios of 

metadinitrobenzene. This is best seen by comparing the 

prism upon half the macro-axis with the primary prism, 

and interchanging the axes a and h ; the constants then 

become : — z « - o 

Mcjvuixio a\l \ c = 0-9430 : I : 0-5384. 

The ratio a \h \& almost the same in the two cases ; the 
prism angles, however, show the relation at once : — 

Metadinitrobenzene . . 93° 11' 
Trinitrobenzene . . 92** 4a'. 

No morphotropic relations can be traced between this 
trinitrobenzene and ortho- or para-dinitrobenzene ; the 
trinitro-derivative should consequently not be an ortho- or 
para-compound, but might be a dimeta- or 1:3:5- 
derivative. Such a conclusion is confirmed by further 
crystallographic evidence ; picric acid has the constitution 

C,H, . (N02)3 . OH [(NOJ3 : OH = I : 3 : 5 : 6], 

and its axial ratios are 

a : 5 : c = 0-937 : i : 0-974, 

whilst those of the trinitrobenzene are 

a : b : c = 0^9430 : I : 0-5384. 

The very obvious crystallographic relation existing 
between the two substances implies that the positions of 
the nitro-groups are the same in both. 

Similar relations to the above are observed, to a greater 
or less extent, with all other substances. It is in general 
true that the morphotropic power of an atom or atomic 
group depends: — 
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(i) On its chemical properties. 

(2) On the chemical properties and complexity of the 
substance in which substitation takes pla<?e. 

(3) On the position in the molecule at which sub- 
stitution occurs. 

(4) On the crystalline system and crystalline form of 
the parent substance. 

The observation has been frequently made that the 
higher the symmetry of the parent substance the less is 
the change in crystalline form caused by substitution. 
Thus, the cubic form of ammonium alum is unaffected by 
the entrance of a methyl group in place of an atom of 
ammoniacal hydrogen, whilst such a substitution in an 
orthorhombic or monosymmetric compound would lead 
to a considerable alteration in crystalline form. If the 
parent substance contains several equivalent hydrogen 
atoms, it not infrequently happens that the symmetry 
of the system is decreased by substitution of one of these 
atoms ; but, as several or all of the hydrogen atoms are 
replaced, the products again crystallize in the same 
system as the parent substance. This is well shown by 
the methyl substitution products of ammonium platino- 
chloride : — 



Name. 



Ammonium platinochloride 
Methjlammonium platinochloride 
Dimethylammonium platinochloride 
Trimethylammonium platinochloride 
Tetramethylammonium platinochlo- 
ride 



OompoaitioiL 



aNH^Cl, PtCl* 
2NMeH,Cl,PtCl4 
2NMe3H,Cl, PtCU 
aNMe,HCl, PtCl* 

aNMe^Cl, PtCl* 



Syitem. 



Cabic 

Hexagonal 

Orthorhombic 

Cubic 

Cubic 



For the further illustration of the law of morphotropy 
the following table may be given : — 
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Name. 


Composition. 


* 

H 









Geometrical Constants. 


Triethylstannic sul- 
phate 

Potassium sulphate . 

Thallium sulphate 

Trimethylstannic sul- 
phate 

Silver sulphate . 

Sodium sulphate 


(SnEt3)2S04 

K2SO4 

TI2SO4 
(SnMe3)aS04 

Ag^SO* 
NaaSO* 


0.5773 : 1 : 07307 
a : 6 : 0=0-5727 : i : 0-7464 

a : 6 : c =0-5524 : i : 0-7365 
:& :c= 

2(0-5214): I : 1-1766 
a : 6 : = 0-5712 : i : 1-2386 
a : 6 : = 0-5918 : i : 1-2500 


Amidosulphonic acid . 
Potassium amidosul- 
phonate 


NHaSOgH 
NH2SO3K 






a: 6:0 = 0-9948 : i . 1-1487 
axh'.c- 0-9944 : i : 0-7097 


Picric acid . 
Potassium picrate 


CeHa(N0a)30H 
C,H2(NOa)30K 






a : 6 : 0=0-937 : i : 0-974 
a: 6: = 0-942: i : 1-352 


Maleic anhydride 


C2H2<QQ>0 





a'.h'.c^ 06408 : 1 : 0-4807 


Succinic anhydride . 


CaH4<^g>0 





a : b : 0=0-5952 : i : 0-4619 


Itaconic anhydride . 


C3H.<^^>0 





a : b : 0— o-6i68 : i : 0-4545 


Aniline hydrobromide 
Ethylaniline hydro- 
bromide 
Diethylaniline hydro- 
bromide 


PhNHa, HBr 
PhNHEt, HBr 

PhNEt2,HBr 





M 


a\'b\c = 0.7230 : 1 : 0-810 
a : 6 : = 0-7185 : i : 0.8180 

a : 6 : = 0-7550 : i : 1-1254 
i8 = 83%' 


Quinone 

Monochloroquinone . 
a- Dichloroquinone 


CeH40a 

CeHsClOa 
CeH2ClaOa 


M 


M 


a : 6 : = 1-0325 : i : 1.710 

/3 = 79°o' 
a : b : = 0-4699 : i : 0-7064 
o.\h\c= 1-0920 : 1 : 1.8314 

i8 = 89°i' 


Naphthalene tetrachlo- 
ride 

Chloronaphthalene te- 
trachloride 

Dichloronaphthalene 
tetrachloride 

Trichloronaphthalene 
tetrachloride 


CioHgCl^ 





a: 6:0 = 0-7673: 1 : 0*7003 


C10H7CI5 

CioHgCle 
CJ0H5CI7 







a : 6 : = 0.7927 : i : 0-7469 
0:6: 0=0-7521 : 1 : 1-2350 
a: 6:0 = 0-7273: 1 : 1-0225 


Santonic acid 
Methyl santonate 
Ethyl santonate . 


Ci6Hao04 

Ci5Hi,Me04 

Cx5Hi9Et04 







a: 6: = 21844: i : 1.4404 
a : 6 : = 1-9961 : i : 1-8521 
a : 6 : = 2-2145 : i : 1-4690 



* In the third column the letter H signifies that the substance is 
hexagonal, that it is orthorhombic, and M that it is monosymmetric. 
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A curious morphotropic relationship was shown by 
Scacchi and vom Rath to exist between the three 
minerals whose axial ratios are given in the following 
table : — 



Name. 


Crystalline System. 


a : 6 : c. 


fr 


Ohondrodite . 
Humite . 
Clinohumite . 


Monosymmetric 

Orthorhombic 

Monosymmetric 


I 08630: 1 : 3-14472 
I -0802 1 : I : 4.40334 
1. 08028 : 1 : 565883 


90 



The axial ratio t is practically the same for the three 

minerals, and the ratios 

c c c 

— -. J —7 and —y 
56 7b gb 

in the three cases are respectively identical, as will be 
seen from the table given below; further, Penfield and 
Howe ^ have recently shown that the three minerals con- 
tain 5, 7, and 9 atoms of magnesium respectively in the 
molecule. 



Mineral. 



Chondrodite 

Humite 

Clinohumite 



Composition. 



Mg,rMg(F1.0H)],(SiOO, 
Mg5[MgCFl,OH)],(SiO0s 
MgTLMgCFl,OH)],(Si04)4 



Batiofr:—. 
n 



56:c=i 1062894 
7b :csii : 0-62905 
9b: c=i : 0-62876 



An undoubted and intimate connexion therefore exists 
between the composition of these three minerals and their 

axial ratios. The ratio ^ 

a : b : -, 
n 

where n is the number of atoms of magnesium in the 

> ZeitscA. /. Kryti. 1894, zxiii. 78. 



184 Chemical Crystallography. 

molecule of the mineral, is a constant for the series. It 
is of interest to note that fluorine is isomorphous with 
hydroxjl in this group of minerals. 

The foundation is still lacking for a theoretical apprecia- 
tion of morphotropic phenomena; it is at least difficult 
to reconcile them with the universally accepted theory 
that ciystals are formed by the regular arrangement of 
their smallest particles. A step towards a theory of 
morphotropy might be made, as Groth showed in his 
inaugural address, by supposing that the structural units 
or liquid molecules of those substances between which 
intimate morphotropic relations exist are of the same 
magnitude. Certainly, this aflbrds no explanation of 
morphotropy, but it at least shows cause why, in many 
cases, no crystallographic relation can be traced between 
substances which are chemically closely related ; the ex- 
planation being, of course, that their structural units 
contain diflerent numbers of chemical molecules. 
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Tanoock. An English Grammar and Beading Book, for Lower 

Forms in Olassioal Schools. Fourth Edition. Extra fcap. 8yo, $«. 6d, 



Saxon Chronicles. Two of the Saxon Chronicles Parallel ; 

with Supplementary Extraots from the others. A Beyiied Text. Edited, 
with Introduction, Notes, Appendices, and Glossary. By C. Plummbb, 
M.A., and J. Eable, M.A. Vol. I. Text, Appendices, and Glossary. 
io«. 6d, 

— — (787-1001 A. D.) Crown 8vo, stiff covers, 3*. 



Specimens of Early English. A New and Bevised Edition. 

With Introduction, Notes, and Glossarial Index. 

Part I. From Old English Homilies to King Horn (a.d. i 150 to A.D. 
1300). By R. MoBBis, LL.D. Second Edition. Extra fcap. Bvo, ^. 

Part II. From Bohert of Gloucester to Gower (A.D. 1 298 to A.D. 1393). 
By R. MoBBis, LL.D., and W. W. Skeat, Litt.D. Third JEdition, 
Revised. Extra fcap. Bvo, 7«. 6d. 

Specimens of English Literature^ from the ' Ploughman's 

Crede' to the 'Shepheardes Calender' (a.d. 1394 to a.d. 1579). With 
Introduction, Notes, and Glossarial Index. By W. W, Skeat, Litt.D. 
Fifth Edition. Extra fcap. Svo, 7*. 6d, 

Typical Selections from the best English Writers, with 

Introductory Notices. In 2 vols. Second Edition, Extra fcap. 8yo, $«. 6d. 
each. 

Vol. I. Latimer to Berkeley. Vol. II. Pope to Macaulay. 



A SERIES OF ENGLISH CLASSICS. 
The Deeds of Beownlf. An English Epic of the Eighth 

Century done into Modem Prose, With an Introduction and Notes, by 
John Eable, M.A. Crown Svo, 8*. 6d. 

The Gospel of St. Luke in Anglo-Saxon. Edited from 

the MSS. With Introduction, Notes, and Glossary. By Jambs W. 
Bright, Ph.D. Extra fcap. Svo, 5*. 

The Ormnlum, with the Notes and Glossary of Dr. R. M. 

White. Edited by R. Holt, M.A. 2 vols. Extra fcap. Svo, jI. is. 



Oxford: Clarendon Press. 
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OHAUCEB. 

I. The Complete Works of Geoffrey Chaucer. Edited, 

from numerous Manuscripts, by the Rey. Walter W. See at, Litt.D., 
LL.D., M.A., Elrin^n and Bos worth Professor of Anglo-Saxon, 
and Fellow of Chrisvs College, Cambridge. In Six* Volumes, demy 
8vo, with Portrait and Facsimiles. Price 4!. i6«., or i6«. each volume. 

II. The Prologue to the Canterbury Tales. (School 

Edition.) Edited by W. W. Skbat, Litt.D. Extra fcap. 8vo, i*. 

III. The Prologue, the Knightes Tale, The Nonne Preestes 

Tale; from the Canterbury Tales. Edited by R. Mobris, LL.D. A 
New Edition, with Collations and Additional Notes by W. W. Sksat, 
Litt.D. Extra fcap. 8vo, 28, 6d, 

IV. The Prioresses Tale ; Sir Thopas ; The Menkes Tale ; 

The Clerkes Tale ; The Squieres Tale, &c. Edited by W. W. Skkat, 
Litt.D. Fifth Edition. Extra fcap. 8yo, 44. 6d, 

V. The Tale of the Man of Lawe ; The Pardoneres 

Tale; The Second Nonnes Tale; The Chanouns Yemannes Tale. 
By W. W. Skbat, Litt.D. New Edition, Extra fcap. 8vo, 48. 6d. 

VI. Minor Poems. Edited by W. W. Skbat, Litt.D. 

Crown 8vo, los, 6d. 

VII. The Hous of Fame. Edited by W. W. Skeat, 

Litt.D. Crown 8vo, paper boards, 2s, 

VIII. The Legend of Good Women. Edited by W. W. 

Skeat, Litt.D. Crown 8vo, 68, 

The Student's Chaucer. Being a complete Edition of his 

Works, edited from numerous MSS., with Introduction and Glossary, by 
the Rev. W. W. Skeat, Litt.D., LL.D., Ph.D., M.A. In one vol., crown 
8vo, cloth, 7«. 6d, 

Langland, W. The Vision of William concerning Piers the 

Plowman, in three Parallel Texts; together with Richard the Redeless. 
By WiLLiAif Lanoland (about 1362-1399 a.d.). Edited from numerous 
Alanuscripts, with Preface, Notes, and a Glossary, by Yf,, W. Skbat, 
Litt.D. a vols. Svo, il, us. 6d, 

The Vision of William concerning Piers the Plowman, by 



William Langland. Edited, with Notes, by W. W. Skeat, Litt.D. 
Sixth Edition, Extra fcap. 8vo, 4$, 6d, 

Ckunelyn, The Tale of. Edited, with Notes, Glossary, &e., by 

W. W. Skeat, Litt.D. Extra fcap. 8vo, stiff covers, u. 6d, 



London : Hxhrt Fbowds, Amen Comer, E.O. 
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WYOLIPPB. 

I. The Books of Job, Psalms, Proverbs, Eeclesiastes, and 

the Song of Solomon : according to the Wycliffite Version made by 
Nicholas db ELbbefobd, about a.d. 1381, and Revised by John 
PuBVET, about a.d. 1388. With Introduction and Glossary by 
W. W. Skbat, Litt.D. Extra fcap. 8vo, 3*. ^d, 

II. The New Testament in English, according to the 

Version by John Wtclifpb, about a.d. 1380, and Bevised by John 
PuBVBT, about A.D. 1388. With Introduction and Glossary by 
W. W. Skbat, Litt.D. Extra fcap. 8vo, 6*. 

Minot (Laurence). Poems. Edited, with Introduction and 

Notes, by Joseph Hall, M.A., Head Master of the Hulme Grammar 
School, Manchester. Extra fcap. 8vo, \». 6d. 

Si>en8er^8 Faery Queene. Books I and II. Designed chiefly 

for the use of Schools. With Introduction and Notes by G. W. KiTOHiN, 
D.D., and Glossary by A. L. Mayhew, MA.. Extra fcap. Svo, 28. 6d, each. 

Hooker. Ecclesiastical Polity, Book I. Edited by R. W. 

Chubch, M.A. Extra fcap. 8vo, 2s, [See also p. 56.] 

OLD ENGLISH DRAMA. 

I. York Plays. The Plays performed by the Crafts or 

Mysteries of York, on the day of Corpus Christi, in the 14th, 15th, 
and 1 6th centuries; now first printed from the unique manuscript 
in the library of Lord Ashbun^am. Edited, with Introduction and 
Glossary, by LuoT Toulmin Smith. 8vo, il, is. 

II. English Miracle Plays, Moralities, and Interludes. 

Specimens of the Pre-Elizabethan Drama. Edited, with ah Introduc- 
tion, Notes, and Glossary, by Alfbed W. Pollabd, M.A. Second 
Edition. Crown 8vo, 7«. 6d. 

III. The Pilgrimage to Parnassus, with the Two Parts of 

the Return from Parnassus. Three Comedies performed in St. John's 
College, Cambridge, A.D. MDXOvn-MDOi. Edited from MSS. by 
W. D. Maobay, M.A., F.S.A. Medium 8vo, bevelled boards, gilt 
top, 8*. 6d, 

IV. Marlowe's Edward II. With Introduction, Notes, &c. 

By O. W. Tanoook, M.A. Second Edition, Extra fcap. 8vo, stiflF 
. covers, 28, ; cloth, 39. 

V. Marlowe and Greene. Marlowe^s Tragical History 

of Dr. Faustus, and Greene's Honourable History of Friar Bacon and 
Friar Bungay. Edited by A. W. Wabd, Litt. D. New and enlarged 
Edition, Crown Svo, 6*. 6d. 

Oxford.* Clarendon Press. 
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8HAEESFEABE. Select Flays. Extra fcap. 8yo, stiff coyen. 

Edited by W. G. Clark, M. A., and W. Aldis Wright, D.C.L. 

The Merchant of Venice, is, Macbeth. \%, 6(2. 

Richard the Second. \%, 6d, Hamlet. 28. 

Edited by W. Aldis Wright, D.CL. 

The Tempest. i8,6d. Midsummer Night's Dream . i «. 6d . 

As You Like It. i8,6d, Coriolanus. 28, 6d. 

Julius Caesar. 28, Henry the Fifth. 28, 

Richard the Third. 2«. 6i. TwelMi Night. I8, 6d, 

King Lear. i8, 6d, King John. i^. 6d, 

Henry the Eighth. 2S, Much Ado About Nothing. i8,6d, 

Shake8i>eare as a Dramatic Artist; a populal* Illustration 

of the Principles of Scientific Criticism. By B. G. Modlton, M.A. 
Third Edition, Enlarged, Crown 8vo, 7#. 6a. 

Baoon. 

I. Advancement of Learning. Edited by W. Aldis 

Wbioht, D.C.L. Third Edition, Extra fcap. 8vo, 4«. 6d, 

II. The Essays. Edited, with Introduction and Illustrative 

Notes, by S. H. Eeynolds, M.A. Svo, half-bound, 1 2s. 6d. 

MILTON. 

I. Areopagitica. With Introduction and Notes. By 

John W. Hales, M.A. Third Edition. Extra fcap. 8vo, $8, 

II. Poems. Edited by R. C. Browne, M.A. In two 

Volumes. New Edition, Revised, Extra fcap. 8vo, 6s, 6d. 
Sold separately, Vol. I, 4*. ; Vol. II, 3*. 
In paper covers : 
Lycidas, $d. L* Allegro, ^d, Comus, 6d. 

Edited with Notes, by O. Elton, B.A. 

Lycidas, 6d. L' Allegro, j^d, II Penseroso, 4d, Comus, is, 

III. Paradise Lost. Book I. Edited by H. C. Beeching, 

M.A. Extra fcap. 8vo, stiff covers, is. 6d. ; in Parchment, 38. 6d, 

IV. Paradise Lost. Book II. Edited by E. K. Chambers, 

B.A. Extra fcap. Svo, is. 6d, 

Books I and II combined, 28. 6d, 

V. Samson Agonistes. Edited, with Introduction and 

Notes, by J. Chubton Colxins, M.A. Extra fcap. Svo, stiff ooyers, if. 

Milton's Prosody. By Robert Bridges. Small 4to, Ss. 6d, net, 
Al80y in stiff covers, extra/cap, Hvo, is. 6d, 



London : Hshrt Fbowds, Amen Comer, E.C. 



12 /. Literature and Philology. 



Bunyan. 

I. The Pilgrim's Progress, Grace Abounding, Relation 

of the Imprisonment of Mr. John Buntan. Edited, with Bio- 
graphical Introduction and Notes, by E. Vsnables, M.A. Extra 
fcap. 8vo, cloth, 39. 6^. ; in Parchment, 4«. dd, 

II. The Holy War, and The Heavenly Footman. Edited 
by Mabel Peacock. Extra fcap. 8vo, 30. 6^. 

Fuller. Wise Words and Quaint Counsels of Thomas Fuller. 

Selected by Augustus Jessopp, D.D. Crown 8vo, 6#. 

Clarendon. 

I. History of the Rebellion. Book VI. Edited by T. 

A&NOLD, M.A. Second Edition. Crown 8vo, 5». 

II. Characters and Episodes of the Great Rebellion. 

Selections from Clarendon. Edited by G. Boyle, M.A., Dean of 
Salisbury. Crown 8vo, gilt top, 7«. 6d. [See also p. 58.] 

Dryden. Select Poems. (Stanzas on the Death of Oliver 

Cromwell ; Astraea Redux ; Annus Mirabilis ; Absalom and Achitophel ; 
Religio Laici ; The Hind and the Panther.) Edited by W. D. Chbistie, 
M.A. Mflh Edition, Revised by C. H. FiBTH, M.A. Extra fcap. 8vo, 
3*. 6d. 

An Essay of Dramatic Poesy. Edited, with Notes, by 

Thomas Abitold, M.A. Extra fcap. Svo, 3^. 6d. 

Locke. Conduct of the Understanding. Edited, with Intro- 
duction, Notes, &c., by T. Fowleb, D.D. Third Edition. Extra fcap. 
8vo, 28, 6d. 

Addison. Selections from Papers in the Spectator. With 

Notes. By T. Abnold, M.A. Extra fcap. 8vo, 48. 6d. ; in Parchment, 6«. 

Steele. Selections from the Tatler, Spectator, and Guardian. 

Edited by Austin Dobson. Extra fcap. 8vo, 5*. ; in Parchment, 7«. 6d. 

Swift. Selections from his Works. Edited, with Life, In- 
troductions, and Notes, by Henbt Cbaik. Two Vols. Crown 8vo, 
cloth extra, 15^. 

Each volume may be had separately, price Js, 6d, 

Pope. Select Works. With Introduction and Notes. By 
Mabk Pattison, B.D. 

I. Essay on Man. Sixth Edition. Extra fcap. 8vo, 15. 6d. 
II. Satires and Epistles. Fourth Edition, Extra fcap. 8vo, 28. 
Pamell. The Hermit. Paper covers, 2d. 
Thomson. The Seasons, and The Castle of Indolence. Edited 

by J. LooiE Robertson, M.A. Extra fcap. Svo, 48. 6d, 

The Castle of Indolence. By the same Editor. Extra 

fcap. 8vo, 18, 6d. 

Oxford: Clarendon Press. 
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Gray. Selected Poems. Edited by Edmund Gosse, M.A. 

Extra fcap. 8vo. In Parchment, 30. 

The samCy together with Supplementary Notes for 

Schools, by Fostbb Watson, M.A. Stiff covers, is. 6d. 

Elegy, and Ode on Eton College. Paper covers, 2d, 



Chesterfield. Lord Chesterfield's Worldly Wisdom. Selec- 
tions from his Letters and Characters. Edited by G. Bibkbeck Hill, 
D.C.L. Crown 8vo, 6«. 

Goldsmith. 

I. Selected Poems. Edited with Introduction and Notes, by 
Austin Dobson. Extra fcap. 8vo, 3«. 6d, ; in Parchment, 4«. 6d, 

II. The Traveller. Edited by G. Birkbeok Hill, D.C.L. 
Stiff covers, is. 

III. The Deserted Village. Paper covers, 2c?. 

JOHNSON. 

I. Rasselas. Edited, with Introduction and Notes, by 

6. BiBKBBOK Hill, D.C.L. Extra fcap. Svo, bevelled boards, 3«. 6d, ; . 
in Parchment, 4«. 6d. 

II. Rasselas; Lives of Dryden and Pope. Edited by 

Alfbed MiLNES, M.A. (London). Extra fcap. 8vo,4«. 6(2. ; or Lives 
of Dbtden and Pope only, stiff covers, 28, 6d, 

III. Life of Milton. Edited by C. H. Firth, M.A. Extra 

fcap. 8vo, cloth, 28. 6d. ; stiff covers, is. 6d, 

IV. Wit and Wisdom of Samuel Johnson. Edited by 

6. Bibkbeck Hill, D.C.L. Crown Svo, 7«. 6d, 

V. Vanity of Human Wishes. With Notes, by E. J. 

Patnb, M.A. Paper covers, ^d. 

VI. Letters of Samuel Johnson, LL.D. Collected and 

Edited by 6. Bibkbeck Hill, D.C.L. 2 vols. Medium Svo, half- 
roan, 28lt. 

BOSWELL. 

Boswell's Life of Johnson. With the Journal of a 

Tour to the Hebrides. Edited by 6. Bibkbeck Hill, D.C.L., 
Pembroke College. 6 vols. Medium Svo, half-bound, 32. 3f. 

Cowper. Edited, with Life, Introductions, and Notes, by 

H. T. Gbipftth, B.A. 

I. The Didactic Poems of 1782, with Selections from 

the Minor Pieces, a.d. i 779-1 783. Extra fcap. Svo, 3«. 

II. The Task, with Tirocinium, and Selections from the 

Minor Poems, a.d. i 784-1 799. Second Edition, Extra fcap. Svo, 3«. 
London : Hxnrt Frowdb, Amen Comer, B.C. 
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Burke. Select Works. Edited, with Introduction and 

Notes, by E. J. Payne, M.A. 

I. Thoughts on the Present Discontents; the two 

Speeches on America. Second Edition, Extra fcap. 8vo, 4^. 6d, 

II. Reflections on the French Revolution. Second 

Edition. Extra fcap. 8vo, 5«. 

III. Four Letters on the Proposals for Peace with the 

Kegicide Directory of France. Second Edition, Extra fcap. 8vo, 5«. 

Burns. Selected Poems. Edited, with Introduction, Notes, 

and a Glossary, by J. LoaiB Robertson, M.A. Crown 8vo, 6«. 

Keats. Hyperion, Book I. With Notes by W. T. Arnold, 

B.A. Paper covers, ^d, 

Byron. Childe Harold. With Introduction and Notes, by 

H. F. TozEB, M.A. Third Edition, Extra fcap. 8vo, 3*. 6d, ; in Parch- 
ment, 5^. 

Soott. Lady of the Lake. Edited, with Preface and Notes, 

by W. MiNTO, M.A. Extra fcap. 8vo, 3*. 6d. 

Lay of the Last Minstrel. By the same Editor. 

With Map. Second Edition, Extra fcap. 8vo, 2s,; in Parchment, Z8.6d. 

Lay of the Last Minstrel. Introduction and Canto I, 

with Preface and Notes, by tlfe same Editor. 6d, 

Lord of the Isles. Edited, with Introduction and Notes, 

by Thomas Batne. Extra fcap. 8yo, 38. 6d, 

Marmion. Edited, with Introduction and Notes, by 



T. Batne. Extra fcap. 8vo, 38. 6d. 

Shelley. Adonais. Edited, with Introduction and Notes, 

by W. M. RosSETTi. Crown 8vo, 58. 

Campbell. Gertrude of Wyoming. Edited, with Introduction 

and Notes, by H. Maoaulat FitzGibbon, M.A. Second Edition. Extra 
fcap. 8yo, is. 

Wordsworth. The White Doe of Bylstone, &c. Edited by 
William Knight, LL.D. Extra fcap. 8vo, 28. 6d. 

Shairp. Aspects of Poetry; being Lectures delivered at 

Oxford, by J. C. Shaibp, LL.D. Crown 8vo, 10*. 6d. 

Falgrave. The Treasury of Sacred Song. With Notes 

Explanatory and Biographical. By F. T. Palgbave, M.A. Thirteenth 
Thowand. Extra*fcap. 8yo, 48. 6d, 

Oxford : Clarendon Press. 
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SECTION III. 

EUROPEAN LANGUAGES, MEDIAEVAL AND 

MODERN. 

(1) FBENCn AND ITALIAN. 
Braohet's Etymological Dictionary of the French Language. 

Translated by G. W. Kitohin, D.D. Third Edition. Crown 8vo, 7*. 6d. 

Historical Grammar of the French Language. Trans- 
lated by G. W. KiTOHiN, D.D. Seventh Edition, Extra fcap. 8vo, 3*. 6d. 

Saintsbury. Primer of French Literature. By Georob 

Saintsbubt, M.A. Third Edition, Revised, Extra fcap. 8vo, 28, 

Short History of French Literature. Fourth Edition. 

Crown Svo, 108. 6(2. 

Specimens of French Literature, from Villon to Hugo. 

Second Edition. Crown Svo, 9*. 



Song of Dermot and the Earl. An Old French Poem. 

Edited, with Translation, Notes, &c., by G. H. Obfek. Extra fcap. 8vo, 
8#. 6^7. 

Toynbee. Specimens of Old French (ix-xv centuries). 

With Introduction, Notes, and Glossary. By Pagbt Totnbee, M.A. 
Crown Svo, 16*. 



Beaumarohais' Le Barbier de Seville. Edited, with Intro- 
duction and Notes, by Austin Dobson. Extra fcap. Svo, as, 6d. 

Comeille's Horace. Edited^ with Introduction and Notes, 

by Geoboe Saintsbdbt, M.A. Extra fcap. Svo, 28, 6d, 

Molidre*8 Les Pr^ieuses Ridicules. Edited, with Introduction 

and Notes, by Andbew Lano, M.A. Second Edition. Extra fcap. Svo, 
18, 6d. 

MuBset's On ne badine pas avec I'Amour, and Fantasio. Edited, 

with Prolegomena, Notes, Ac., by W. H. Pollock. Extra fcap. Svo, 29, 

Bacine^s Esther. Edited, with Introduction and Notes, by 

Geoboe Saintsbdbt, M.A. Extra fcap. Svo, 28. 

London : Hxvkt Fbowdb, Amen Comer, B.O. 
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Voltaire's M^rope. Edited, with Introduction and Notes, 

by Geobqb Saintsbury, M. A. Extra fcap. 8vo, 2%, 

*ni* The above six Plays may he had in ornamental case, and bound 
in Imitation Parchment, price 12s, 6d, 

Molidre. Le Misanthrope. Edited by H. W. G. Mabkheim, 

M.A. Extra fcap. 8vo, 3«. 6d. 

MASSON'S FRENCH CLASSICS. 

Edited by Oustave Masson, B.A, 

Comeille's Cinna. With Notes, Glossary, &;c. Extra fcap. 

8vo, 2s.; stiff covers, is. 6d. 

Louis XIV and his Contemporaries; as described in Extracts 

from the best Memoirs of the Seventeenth Centnry. With English Notes, 
Genealogical TableB, &c. Extra fcap. 8vo, 2s, 6d. 

Maistre, Xavier de, &c. Voyage autour de ma Chambre, 

by Xavieb de Maistbe ; Ourika, by Madame de Dubas ; Le Yienx 
Tailleur, by MM. Ebokmann-Chatbian ; La Veill^e de Vincennes, by 
Alfbed de Yignt; Les Jumeanx de THdtel Comeille, by Edmokd 
About; M^saventures d*un !6colier, by Bodolphe TOfffeb. ^hird 
Edition, Revised. Extra fcap. 8vo, 2s. 6d. 

Voyage autour de ma Chambre. Limp, i«. 6d, 



Molidre's Les Fourberies de Seapin, and Bacine's Athalie. 

With Voltaire's Life of Molibre. Extra fcap. 8vo, 2s. 6d. 

Les Fourberies de Seapin. With Voltaire's Life of 



Molibre. Extra fcap. 8vo, stiff covers, is. 6d. 

Les Femmes Savantes. With Notes, Glossary, &c. 

Extra fcap. 8vo, cloth, 2s,; stiff covers, is. 6d. 

Baoine's Andromaque, and Comeille's Le Menteur. With 

Louis Kaoine*s Life of his Father. Extra fcap. 8vo, 2s. 6d. 

Begnard's Le Joueur, and Brueys and Falaprat^s Le Gron- 

deur. Extra fcap. 8vo, 2s. 6d. 

S^vign^, Madame de, and her chief Contemporaries. Selection s 

from their Correspondence. Extra fcap. 8vo, 3«. 

Bloudt. L'!&loquence de la Chaire et de la Tribune Frangaises. 

Edited by Paul BlouSt, B.A. Vol.1. Sacred Oratory. Extra fcap. 5vo, 2*. 6d. 



Oxford: Clarendon Press. 
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Gktutier, Theophile. Scenes of Travel. Selected and Edited 

by Geobge Saintsbubt, M.A. Second Edition, Extra fcap. 8vo, 28, 

Ferrault's Popular Tales. Edited from the Original Editions, 

with Introduction, &c., by A. Lang, M.A. Extra fcap. 8vo, 5«. 6d, 

Quinet's Lettres a sa Mere. Selected and Edited by George 

Saintsbubt, M.A. Extra fcap. 8vo, is. 

Sainte-Beuve. Selections from the Causeries du Lundi. 

Edited by Gbobgb Saintsbubt, M.A. Extra fcap. Svo, 2*. 



A Primer of Italian Literature. By F. J. Snell, M.A. 

Extra fcap. Svo, 35. 6d. 

Dante. Tutte Le Opere di Dante Alighieri, nuovamente 

rivedute nel testo dal Dr. E. Moobe. Crown Svo, 7«. 6d, 

Also, an India Paper edition, cloth extra, ga. 6d. ; and Miniature 

edition, 3 vols., in case, 109. 6d, 

Selections from the Inferno. With Introduction and 

Notes. By H. B. Cottebill, B.A. Extra fcap. Svo, 48. 6d. 

Tasso. La Gerusalemme Liberata. Cantos i, ii. With In- 
troduction and Notes. By the same Editor. Extra fcap. Svo, 28, 6d, 

(2) GEBMAN AND GOTHIC. 
Max Miiller. The German Classics, from the Fourth to the 

Nineteenth Century. With Biographical Notices, Translations into 
Modern German, and Notes. By F. Max Mulleb, M.A. A New 
Edition, Revised, Enlarged, and Adapted to Wilhslm Schebeb's 
* History of German Literature,' by F. Lichtenstein. 2 vols. Crown 

Svo, 218. 

Scherer. A History of German Literature by Wilhblm 

SoHEBEB. Translated from the Third German Edition by Mrs. F. C. 
Contbeabe. Edited by F. Max Mulleb. 2 vols. Svo, 2I8, 

Or, separately, 108. 6d. each volume. 

A History of German Literature, from the Accession of 

Frederick the Great to the Death of Goethe. By the same. Crown Svo, y, 

Skeat. The Gospel of St. Mark in Gothic. By W. W. 

Skeat, Litt.D. Extra fcap. Svo, cloth, 49. 

Wright. An Old High German Primer. With Grammar, 

Notes, and Glossary. By Joseph Weight, Ph.D. Extra fcap. Svo, $«. 6d. 

A Middle High German Primer. With Grammar, 

Notes, and Glossary. By the same Author. Extra fcap. Svo, 3«. 6d. 

A Primer of the Gothic Language. With Grammar, 



Notes, and Glossary. By the same Author. Extra fcap. Svo, 4^. 6d, 

Ix>ndon : Hxhbt Fbowdb, Amen Comer, E.O. 
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L ANGERS GERMAN COURSE. 

By HERMANN LANGE, Lecturer on French and German at the Manchester 
Technical School, and Lecturer on German at the Manchester Athenaeum. 

I. Germans at Home ; a Practical Introduction to Oerman 

Conversation, with an Appendix containing the Eflsentials of German 
Grammar. Third Edition. Svo, 2«. 6d. 

II. Grammar of the German Language. 8vo, 3^. 6d. 

III. German Manual; a German Grammar^ Beading Book, 

and a Handbook of Gei*man Conversation. Second Edition. 8vo, 'js. 6d. 

IV. German Composition ; A Theoretical and Practical Guide 

to the Art of Translating English Prose into German. Third Edition. 
8vo, 4«. 6d. *^* ji xey to the above, price 5«. net. 

German Spelling; A Synopsis of the Changes which it 

has undergone through the Government Regulations of 1880. 6d. 

BUCHHEIM'S GERMAN CLASSICS. 

Edited, with Biographical, Historical, and Critical Introductions, Arguments 
{to the Dramas), and Complete Commentaries, hy C. A. Buchhbim, Phil. 
Doc, Professor in King^s College, London. 

Becker (the Historian). Friedrich der Grosse. Edited, with 

Notes, an Historical Introduction, and a Map. Second Edition, ^s. 6d. 

Goethe : 

(a) Egmont. A Tragedy. Fourth Edition. 35. 

(b) Dichtung und Wahrheit. The first four books. 48. 6d. 

(c) Iphigenie auf Taurig. A Drama. Third Edition. 3*. 

Halm : Griseldis. 3^. 

Heine : 

(a) Prosa : being Selections from his Prose Writings. Second 

Edition. 4s. 6d. 
{b) Harzreise. Second Edition. 28. 6d. 

Iiossing : 

(a) Nathan der Weise. Second Edition. 4s. 6d. 

(6) Minna von Barnhelm. A Comedy. Fifth Edition. 35. 6d. 

Schiller : 

(a) Wilhelm Tell. A Drama. Large Edition. With Map. 

Seventh Editioii. 38. 6d. 
(6) Wilhelm Tell. School Edition. With Map. Fowrth 

Eflition. 28. 

(c) Historische Skizzen. With Map. Fifth Edition. 28. 6d. 

(d) Jungfrau von Orleans. 48. 6d. 

(e) l^Iaria Stuart. [Immediately J] 

Oxford : Clarendon Press. 
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Modem German Beader. A Graduated Collection of Ex- 
tracts from Modern German Authors. Edited by C. A. Bdchheim, 
Phil. Doc. Im- 
part I. Prose Extracts. With English Notes, a Grammatical 

Appendix, and a complete Vocabulary. Seventh Edition. 28, 6d, 
Part II. Extracts in Prose and Poetry. With English Notes 
and an Index. Second Edition. 2s. 6d. 

German Poetry for Beginners. Edited with English Notes 

and a complete Vocabulary, by Emma S. Bdchheim. Extra fcap. 8vo, 28, 

Elementary German Prose Composition. With Notes, 

Vocabulary, &c. By the same Editor. Cloth, 28, ; stiff covers, is. 6d. 

Chamisso. Peter Schlemihl's Wundersame Geschichte. 

Edited with Notes and a complete Vocabulary, by Emma S. Buohhsim. 
Fourth Thousand. Extra fcap. 8vo, 28, 

Hofbnann (Franz). Heute mir Morgen dir. Edited with 

Notes by J. H. Maude, M.A. Extra fcap. 8vo, 26, 

Lessing. The Laokoon ; with English Notes by A. Hahakn, 

Phil. Doc., M.A. Revised, with an Introduction, by L. E. Upoott, M.A. 
Extra fcap. Svo, 4«. 6d, 

Niebnhr: Griechische Heroen-Gesehiehten (Tales of Greek 

Heroes). With English Notes and Vocabulary, by Emma S. Buohheim. 
Second Revised Edition. Extra fcap. Svo, cloth, 28. \ stiff covers, 18, 6d, 
Edition A. Text in German Type, Edition B. Text in Jtoman Type, 

Biehl's Seines Vaters Sohn and Gespensterkampf. Edited 

with Notes by H. T. Gebbans, M.A. Extra fcap. Svo, 28. 

Schiller's Wilhelm Tell. Translated into English Verse by 

E. Massie, M.A. Extra fcap. Svo, 5«. 

(3) SCANDINAVIAN. 
Cleasby and Vigfdsson. An Icelandic-English Dictionary. 

4to, 3^. 7*. 

Sargent. Grammar of the Dano-Norwegian Language. By 

J. Y. Sargent, M.A. Crown Svo, 7«. 6d. 

Sweet. Icelandic Primer, with Grammar, Notes, and 

Glossary. By Hknry Sweet, M.A. Extra fcap. Svo, 3*. 6d, 

Vigfdsson. Sturlunga Saga, including the Islendinga Saga 

of Lawman Sturla Thordsson and other works. Edited by Gdbbband 
V10FUS8ON, M.A. In 2 vols. Svo, 2I, 28. 

VigMsson and Powell. Icelandic Prose Reader, with Notes, 

Grammar, and Glossary. By G. ViGFUssoN, M.A., and F. York 
Powell, M.A. Extra fcap. Svo, 108. 6d, 

Corpvs Poeticvm Boreale. The Poetiy of the Old 

Northern Tongue, from the Earliest Times to the Thirteenth Century. 
Edited, claftsified and translated by Gui)BUAND Vigfusson, M.A., and 

F. York Powell, M.A. a vols. Svo, 3/. 2*. 



London : Hkmrt Frowdk. Amen Comer, B.C. 
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SECTION IV. 

CLASSICAL LANGUAGES. 

(1) LATIN. 
STANDARD WORKS AND EDITIONS. 

Ellis (Robinson). The Fables of Phaedrus. is. net. 

King and Cookson. The Principles of Sound and Inflexion, 

as illustrated in the Greek and Latin Languages. By J. E. King, M.A., 
and Chbistofheb Cookson, M.A. 8vo, i8«. 

Lewis and Short. A Latin Dictionary, founded on Andrews* 

edition of Freund's Latin Dictionary, revisedi enlarged, and in great 
part rewritten by Chablton T. Lewis, Ph.D., and Chables Shobt» 
LL.D. 4to, il. 5«. 

Lindsay. The Latin Language : An Historical Account of 

Latin Sounds, Stems, and Flexions. By W. M. Lindsay, M.A. Demy 

8V0, 218. 

Merry. Selected Fragments of Roman Poetry. Edited with 

Introduction and Notes by W. W. Mebbt, D.D. Crown Svo, 6«. ^d. 

Nettleship. Contributions to Latin Lexicography. By 
Hbnbt Nettleship, M.A. Svo, 2 is. 

Lectures and Essays on Subjects connected with 

Latin Scholarship and Literature. Crown 8vo, 7*. 6c?. 

The Roman Satura. 8vo, sewed, i«. 

Ancient Lives of Vergil. 8vo, sewed, 2*. 



Fapillon. Manual of Comparative Philology. By T. L. 

Papillon, ma. Third Edition. Crown Svo, 6*. 

Finder. Selections from the less known Latin Poets. By 

NOBTH PiNDEB, MA. 8vo, IS*. 

Bushforth. Latin Historical Inscriptions, illustrating the 

History of the Early Empire. By G. M^N. Rushpobth, M.A. 8vo,^ 
108. net, 

Sellar. Roman Poets of the Republic. By W. Y. Sellar,^ 

M.A. Third Edition, Crown Svo, io«. 

Roman Poets of the Augustan Age. Virgil. Second 

Edition, Crown Svo, 9«. 

Horace and the Elegiac Poets. With a Memoir 



of the Author by Andbbw Lang, M.A., and a Portrait. Svo, cloth, 148. 

Wordsworth. Fragments and Specimens of Early Latin.. 

With Introductions and Notes. By J. Wobdswobth, D.D. Svo, i8«. 



Oxford: Clarendon Press. 
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Avianus. The Fables. Edited, with Prolegomena, Critical 

Apparatus, Commentary, &c., by K. Ellis, M.A., LL.D. 8vo, 8«. 6(2. 

Catolli Veronensis Liber. Iterum recognovit, apparatum 

criticum prolegomena appendices addidit,KoBiNSON Ellis, A.M. 8vo, i6«. 

CatiUlus, a Commentary on. By Robinson Ellis, M.A. 

Second Edition. 8vo, i8«. 

Cicero. De Oratore Libri Tres. With Introduction and Notes. 

By A. S. WiLKiNS, Litt.D. 8vo, i8«. 

Also separately : — 
Book I, Second Edition, *j8, 6d, Book II, Second Edition, 5«. Book III, 6b. 

Philippic Orations. With Notes. By J. R. King, M.A. 

Second Edition. 8vo, io«. 6d, 

Select Letters. With English Introductions, Notes, and 



Appendices. By Albebt Watson, M.A. Fourth Edition. 8vo, i8«. 

Horace. With a Commentary. Vol. I. The Odes, Carmen 

Seculare, and Epodes. ByE.C.WiOKHAM,M.A. Second Edition. 8vo,ia«. 

Vol. II. The Satires, Epistles, and De Arte Poetica. By 

the same Editor. 8vo, 1 2«. 

Livy, Book I. With Introduction, Historical Examination, 

and Notes. By J. R. Seelet, M.A. Third Edition, 8vo, 6«. 

Manilius. Noctes Manilianae ; sive Dissertationes in Astro- 

nomica Manilii. Accedvnt Coniectvrae in Germanici Aratea. SoripBit 
R. Ellis. Crown 8vo, 68. 

Ovid. P. Ovidii Nasonis Ibis. Ex Novis Codicibus edidit, 

Scholia Vetera Commentariom cam Prolegomenis Appendice Indioe 
addidit, R. Ellis, A.M. 8yo, los. 6d. 

P. Ovidi Nasonis Tristium Libri V. Becensuit S. G. 

OwEK, A.M. 8vo, i68. 

Persius. The Satires. With a Translation and Commen- 
tary. By John Coninqton, M.A. Edited by Hsnbt Nbttlsship, 
M.A. Third Edition. 8vo, 8#. 6d. 

Plautus. Budens. Edited, with Critical and Explanatory 

Notes, by E. A. Sonnsnsohsin, M.A. 8vo, 8«. 6d. 

— Bentley's Plautine Emendations. Prom his copy of 

Gronovius. By £. A. SONNENSCHSIN, M.A. (Aneodota Oxon.) 2«. 6d. 

Quintilian. Institutionis Oratoriae Liber X. Edited by 
W. Peterson, M.A. 8vo, lis. 6d. 

Scriptores Latini rei Metricae. Ed.T.GAiSFORD,S.T.P. 8vo, 5*. 



London: Hsvkt Frowds, Amen Oomer, B.O. 
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Taoitus. The Annals. Books I-VI. Edited, with Intro- 
duction and Notes, by H. Fubneaux, M.A. 8vo, i8«. 

Books XI-XVI. By the same Editor. 8vo, %o%. 

De Germania. "With Introduction, Notes, and Map. 

By the same Editor. 8vo, 68. 6(1. 

Dialogus De Oratoribus. A Eevised Text, with Intro- 
ductory Essays and Critical and Explanatory Notes. By W. Petebsok, 
M.A., LL.D. 8vo, lo*. 6d. 

LATIl^ EDUCATIONAL WORKS. 
ALLEN. Gbammars, Exercise Books, &c. 

Eudimenta Latina. Comprising Accidence, and Exercises 

of a very Elementary Character, for the use of Beginners. By John 
Babbow Allen, M.A. Extra fcap. 8vo, a«. 

An Elementary Latin Grammar. By the same Author. 

One Hundred and Seventeenth Thouiand. Extra fcap. Svo, 28. 6d» 

A First Latin Exercise Book. By the same Author. 

Seventh Edition. Extra fcap. 8vo, 28. 6d. 

A Second Latin Exercise Book. By the same Author. 

Second Edition, Extra fcap. 8vo, 3«. 6d. 

*^* A Key to First and Second Latin Exercise Books, in one volume, 
price 5«. net. Supplied to Teacher8 only, on application to the 
Secretary, Clarendon Press. 

An Introduction to Latin Syntax. By W. S. Gibson, M.A. 

Extra fcap. 8vo, 28. 

First Latin Reader. By T. J. Nunns, M.A. TAird Edition. 

Extra fcap. 8vo, 28. 

A Latin Prose Primer. By J. Y. Sargent, M.A. Extra 

fcap. 8vo, 28. 6d. 

Passages for Translation into Latin. Selected by J. Y. 

Sabobnt, M.A. Seventh Edition. Extra fcap. 8vo, 28. 6d. 

\* A Key to the above, price 5*. net. Supplied to Teachere only, on 
application to the Secretary, Clarendon Press. 

Latin Prose Composition. By G. G. Ramsay, M.A., LL.D. 

Third Edition. Extra fcap. 8vo. 

Vol. I. Syntax, Exerciaee with Notes, Sfc. 48. 6d. 
♦„,♦ A Key to Vol. I of the above, price 5«. net. Supplied to Teachers 
only, on application to the Secretary, Clarendon Press. 

Vol. II. Passages of Chraduated Difficulty for Translation into 
Latin, together with an Introduction on Continuous Prose. 48. 6d, 

Latin Prose Versions. Contributed by various Scholars. 

Edited by Geobgb G. Ramsay, M.A., LL.D., Litt.D. Half-veUum, 218. nef^ 



Oxford : Clarendon Press. 
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Hints and Helps for Latiu Elegiacs. By H. Lee- Warner, 

M.A. Extra fcap. Svo, 3«. dd. 

\* A Key to the above, price 4«. 6d. net. Supplied to Teachers only, 
on application to the Secretary, Clarendon Press. 

Beddenda Minora ; or, Easy Passages, Latin and Greek, for 

Unseen Translation. For the use of Lower Forms. Composed and 
selected by C. S. Jebram, M.A. Third Edition, Extra fcap. 8vo, is, 6d, 

Anglice Beddenda; or. Extracts, Latin and Greek, for 

Unseen Translation. By C. S. Jbbbam, M.A. Fourth Edition, Extra 
fcap. 8vo, 2s. 6d, 

Second Series, By the same Editor. 3*. 

THrd Series, By the same Editor. 3*. 

Models and Exercises in Unseen Translation. By H. F. Pox, 

M.A., andT. M.Bbomlbt,M.A. Bevised Edition. Extrafcap.Svo, 5«.6(2. 
*j^* A Key to Passages quoted in the above, price 6d, Supplied to 
Teachers only, on application to the Secretary, Clarendon Press. 

An Elementary Latin Dictionary. By Charlton T. Lewis, 

Ph.D. Square 8vo, 7«. 6d, 

A School Latin Dictionary. By Charlton T. Lewis, Ph.D. 

Small 4to, i8«. 

An Tntroduction to the Comparative Grammar of Greek and 

Latin. By J. E. King, M.A., and C. CooKsoy, M.A. Cr. 8vo, 58. 6d. 



Latin Classics for Schools. 
Caesar. The Commentaries (for Schools). With Notes and 

Maps. By Chablbs E. Mobsblt, M.A. 

The Gallic War. Second Edition, Extra fcap. 8vo. 

Books I and II, 28,; III-V, 28, 6d.; VI-VIII, 3*. 6d. 

Books I-III, stiff cover, 28, 

The Civil War. Extra fcap. 8vo, 3*. 6d, 

Catulli Veronensis Carmina Selecta, secundum recognitionem 
Robinson Ellis, A.M. Extra fcap. 8vo, 3«. 6d, 

CICEBO. Selection of Interesting and Descriptive Passages. 

With Noted. By Henbt Walfobd, M.A. In three Partft. Third 
Edition, Extra fcap. Svo, 4^. 6d. 

Each Part separately, limp, is, 6d. 
Part I. Anecdotes from Grecian and Roman History. 
Part II. Omens and Dreams : Beauties of Nature. 
Part III. Rome's Rule of her Provinces. 



London : Hkvrt Fxowds, Amen Corner* E.C. 
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Cicero. De Amieitia. With Introduction and Notes. By 

St. George Stock, M.A. Extra fcap. 8vo, 3«. 

De Seneetute. Edited, with Introduction and Notes, by 

L. HuxLBT, M.A. Extra fcap. 8vo, 2«. 

pro Cluentio. With Introduction and Notes. By 

W. Ramsat, M.A. ., Edited by G. G. Ramsat, M.A. Second Edition. 
Extra fcap. 8vo, 3«. M. 

pro Marcel lo, pro Ligario, pro Rege Deiotaro. With 

Introduction and Notes. By W. Y. Fausset, M.A. Extra fcap. Svo, 28. 6d. 

pro Milone. With Not^es, &c. By A. B. Poynton, 

M.A. Extra fcap. 8yo, 28. 6d. 

pro Boscio. With Notes. By St. Geokoe Stock, M.A. 



Extra fcap. 8vo, 38. 6d. 

Select Orations (for Schools). In Verrem Actio Prima. 

De Imperio Gn. Pompeii. Pro Archia. Philippica IX. With Introduc- 
tion and Notes by J. R. Kino, M.A. Second Edition, Extra fcap. 8vo, 
28, 6d, 

In Q. Caecilium Divinatio, and In C. Verrem Actio 

Prima. With Introduction and Notes, by J. R. King, M.A. Extra 
fcap. 8vo, limp, I8. 6d, 

Speeches against Catilina. With Introduction and 

Notes, by E. A. Ufcott, M.A. Second Edition, Extra fcap. 8vo, 28, 6d. 

Selected Letters (for Schools). With Notes. By the 

late C. E. Pbichabd, M.A., and E. R. Bsbnabd, M.A. Second Edition, 
Extra fcap. 8yo, 38. 

Select Letters. Text. By Albert Watson, M.A. 

Second Edition, Extra fcap. 8vo, 48. 

Cornelius Nepos. With Notes. By Oscak Browning, M.A. 

Third Edition, Revised by W. R. Inge, M.A. Extra fcap. 8vo, 3«. 

Horace. With a Commentary. (In a size suitable for the 

use of Schools.) Vol. I. The Odes, Carmen Seculare, and Epodes. By 
E. C. WiOKHAM, M.A. Second Edition, Extra fcap. 8yo, 6^. 

Odes, Book I. By the same Editor. Extra fcap. 8vo, 2s. 



— Selected Odes. With Notes for the use of a Fifth 

Form. By E. C. Wiokham, M.A. Extra fcap. 8vo, 28, 



Oxford : Clarendon Press. 
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Juvenal. Thirteen Satires. Edited, with Introduction and 
Notes, by C. H. Pbabson, M.A., and Herbert A. Strong, M.A., LL.D. 
Second Edition. Crown 8vo, 98. 

Livy. Books V— VII. With Introduction and Notes. By 

A. K. Clueb, B.A. Second Edition. Revised by P. E. Matheson, 
M.A. Extra fcap. Svo, 58. 

Book V. By the same Editors. Extra fcap. 8vo, is. 6d. 

Book VII. By the same Editors. Extra fcap. 8vo, is. 

Books XXI-XXIII. With Introduction and Notes. 

By M. T. Tatham, M.A. Second Edition, Enlarged. Extra fcap. 8vo, 58. 

Book XXI. By the same Editor. Extra fcap. Svo, is. 6d. 

Book XXII. With Introduction, Notes, and Maps. By 

the same Editor. Extra fcap. Svo, is. 6d. 

Selections (for Schools). With Notes and Maps. By 



H. Lee- Warner, M.A. Extra fcap. Svo. In Parts, limp, each is. 6d. 
Part I. The Caudine Disaster. New Edition, Kevised. 
Part II. Hannibars Campaign in Italy. 
Part III. The Macedonian War. 

Ovid. Selections for the use of Schools. With Introduc- 
tions and Notes, and an Appendix on the Roman Calendar. By 
W. Ramsay, M.A. Edited by G. G. Ramsat, M.A. Third Edition. 
Extra fcap. Svo, 5«. 6d. 

Tristia. Book I. The Text revised, with an Introduction 

and Notes. By S. G. Owen, B.A. Second Edition. Extra fcap. Svo, 3«. 6d. 

Tristia. Book III. With Introduction and Notes. 



By the same Editor. Extra fcap. Svo, is. 

Flautus. Captivi. Edited by Wallace M. Lindsay, M.A. 

Extra fcap. Svo, is. 6d. 

Trinummus. With Notes and Introductions. (Intended 

for the Higher Forms of Public Schools.) By C. E. Fbesmak, M. A., 
and A. Sloman, M.A. Extra fcap. Svo, $«. 

Pliny. Selected Letters (for Schools). With Notes. By 

C. E. Priohabd, M.A., and E. R. Bebnabd, M.A. Third Edition. 
Extra fcap. Svo, 3«. 

Quintilian. Institutionis Oratoriae Liber X. By W. Peter- 
son, M.A. Extra fcap. Svo, 34. 6d, 

Sallust. With Introduction and Notes. By W. W. Capes, 

M.A. Second Edition. Extra fcap. Svo, 4^. 6d. 

Taoitus. The Annals. Text only. Crown 8vo, 6s. 



London : Hbvrt Fbowdb, Amen Comer, E.O. 
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TacitoB. The Annals. Books I-IY. Edited, with Introduc- 

tioQ and Notes (for the use of Schools and JankHr Students), by H. 
FuRVCAUX, M.A. Extra fcap. 8to, 5«. 

The Annals. Book I. With Introdnetion and Notes, 

by the same Editor. Extra fcap. 8vo, limp, 2S. 

Terence. Andria. With Notes and Introductions. By 

C. E. Fbkhcah^ M.A., and A. Slomas, M.A. Extra fcap. Sto, ^. 

Adelphi. With Notes and Introductions. By A. 

Slomah, M.A. Extra fcap. Svo, 3«. 

Phormio. With Notes and Introductions. By A. Sloman, 



M.A. Extra fcap. Svo, ^. 

TibulluB and Propertias. Selections. Edited by G. G. 

Rambat, M.A. Extra fcap. 8vo, 6«. 

Vipgil. With an Introduction and Notes. By T. L. Papillon, 

M.A., and A. E. Haioh, M.A. 2 vols. Grown Svo, I2«. 

Aeneid. By the same Editors. In Four Parts. Crown 

8vo, 3«. each, 

Bucolics and Georgics. By the same Edit-ors. Crown 

8vo, 3«. 6d, 

The Complete Works of Virgil. Edited by T. L. 

Pafillon, M.A., and A. E. Haioh, M.A. Inclading the Minor Works, 
with numerous Emendations by Professor Robinson Ellis. On Writing 
Paper for MS. Notes, 5« ; on Oxford India Paper, cloth elegant, 6«. 

Bucolics. Edited by C. S. Jeream, M.A. Extra fcap. 

8vo, 29. 6d. 

Georgics, Books I, II. By the same Editor. Extra 

fcap. Svo, 28. 6d. 

Georgics, Books III, IV. By the same Editor. Extra 

fcap. Svo, 2s, 6d, 

Aeneid I. With Introduction and Notes. By the same 

Editor. Extra fcap. Svo, limp, is. 6d. 

Aeneid IX. Edited, with Introduction and Notes, by 



A. E. Haigh, M.A. Extra fcap. Svo, limp, I8. 6d. In two Parts, 29, 

(2) GBEEK. 

STAND AMD WORKS AND EDITIONS. 
Allen. Notes on Abbreviations in Greek Manuscripts. By 

T. W. Allen, M.A., Queen's CoUege, Oxford. Boyal Svo, 5*. 

Oxford: Clarendon Press. 
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Chandler. A Practical Introduction to Greek Accentuation^ 

by H. W. Chandleb, M.A. Second Edition. lo*. 6d. 

Haigh. The Attic Theatre. A Description of the Stage and 

Theatre of the AthenlanB, and of the Dramatic Performances at Athens. 
By A. E. Haigh, M.A. 8vo, i2«. 6d, 

Head. Historia Numorum : A Manual of Greek Numismatics* 

By Babolat V. Head, D.C.L. Royal 8vo, half-bound, iL 2s. 

Hioks. A Manual of Greek Historical Inscriptions. B}^ 
E. L. Hioks, M.A. 8vo, io«. 6d. 

King and Cookson. The Principles of Sound and Inflexion^ 

as illustrated in the Greek and Latin Languages. By J. E. KiNO,M.A.^ 
and Cheistofheb Cookson, M.A. Svo, iSs. 

Liddell and Soott. A Greek-English Lexicon, by H. G. 

LiDDELL, D.D., and Robert Scott, D.D. Seventh Edition, Revised and 
Augmented throughout, 4to, 1^.160. 

Monro. Modes of Ancient Greek Music. By D. B. Monro, 

M.A., Provost of Oriel College. 8vo, 8*. 6d. net, 

Papillon. Manual of Comparative Philology. By T. L» 

Papillon, M.A. Third Edition, Crown 8vo, 6*. 

Paton and Hioks. The Inscriptions of Cos. By W. R. 

Paton and E. L. ^IOKS. Royal 8yo, linen, with Map, 288. 

Smyth. The Sounds and Inflections of the Greek Dialects 

(Ionic). By Herbert Weir Smyth, Ph.D. 8vo, 24*. 

Veitch. Greek Verbs, Irregular and Defective. By W.Vbitch> 

LL.D. Fourth Edition. Crown 8vo, 10*. 6d. 

Vooabulary, a copious Greek-English, compiled from the best 

authorities. a4mo, 3«. 

Aeschinem et Isooratem, Scholia Graeca in. Edidit 

G.DiNDORFius. 1852. 8vo, 4«. 

Aeschyli quae supersunt in Codice Laurentiano quoad effici 

potuit et ad cognitionem necesse est visum typis descripta edidit 
R. Merkel. Small folio, i^ le, 

Aeschylus: Tragoediae et Fragmenta, ex recensione Guil. 

DiNDORFii. Second Edition. 1851. 8vo, 5«. 6(2. 

Annotationes GuiL. DiNDORFii. Partes II. 1841.8VO, io«. 

Aneodota Graeca Oxoniensia. Edidit J. A. Cramer, S.T.P. 

Tomi IV. 1835. 8vo, il. 28. 

Graeca e Codd. Mss. Bibliothecae Regine Parisiensis. 

Edidit J. A. Cramer. S.T.P. Tomi IV. 1839. 8vo, i/. a*. 



London : Hsvrt Frowds, Amen Corner. E.C. 
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Apsinis et Longini Rhetorica. E Codicibus mss. recensuit 

JoH. Bakius. 1849. 8v<>> 3*' 

Aristophanes. A Complete Concordance to the Comedies 

and Fragments. By Henbt Dunbab, M.D. 4to, i2. i«. 

J. Caravellae Index in Aristophanem. 8vo, 3*. 

Comoediae et Fragmenta, ex recensione Guil. Dindorfii. 

Tomill. 1835. 8vo, 118. 

Annotationes Guil. Dindorfii. Partes II. 8vo, 1 1*. 

Scholia Graeca ex Codicibus aucta et emendata a Guil. 



DiNDOBPio. Partes III. 1838. 8vo,ii. 
ARISTOTLE. 
Ex recensione Immanuelis Bekkeri. Accedunt Indices 

Sylburgiani. Tomi XL 1837. 8vo, 2^. io«. 

The volumes (except vols. I and IX) may be had separately, 

price 58. dd, each. 

Ethioa Nioomachea, recognovit brevique Adnotatione 

critica instruxit I. Bywatee. 8vo, 6*. 

The same, on 4to paper, for Marginal Notes, io«. 6rf. 

AUo in Grown 8vo, paper covert 3*. 6d, 

Contributions to the Textual Criticism of Aristotle's 

Nioomaohean Ethics. By Ingbam Btwateb. Stiff cover, 28, 6d. 

Notes on the Nicomachean Ethics of Aristotle. By 

J. A. Stewart, M.A. 2 vols. 8vo, 328. 

The Politics, with Introductions, Notes, &c., by W. L. 

Newman, M.A., Fellow of BaUiol CoUege, Oxford. Vols. I and II. 
Medium 8vo, 288. 

The Politics, translated into English, with Introduction , 

Marginal Analysis, Notes, and Indices, by B. JoWbtt, M.A. Medium 

8vO. 2 vols. 218. 

Aristotelian Studies. I. On the Structure of the 

Seventh Book of the Nicomachean Ethics. By J. C. Wilson, M.A. Svo, 
stiff covers, 5«. 



— The English Manuscripts of the Nicomachean Ethics, 

described in relation to Bekker*s Manuscripts and other Sources. By 
.. Si ^abt, M.A. (Anecdota Oxon.) Small 4to, 3«. 6d. 

<^{ the process by which the Aristotelian 

r present form. By R. Shute, M.A. Svo, 7#. 6d. 



Olaxendon P 3. 
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Aristotle. Physios. Book VII. Collation of various mss. \ 

with Introduction by E. Shuts, M.A. (Anecdota Oxon.) Small 4to, 2«. 

Ghoerobosoi Dictata in Theodosii Canones, necnon EpimeriBmi 

in PsalmoB. E Codicibus MSS. edidit Thomas Gaisford, S.T.P. Tomi III. 
8vo, 15*. 

Demosthenes. Ex recensione Guil. Dindorfii. Tomi IX. 

8vo, 2h 6*. 

Separately : — 
TextuB, il. 19. Annotationes, 158. Scholia, 10s. 

Demosthenes and Aeschines. The Orations of Demosthenes 

and Aeschines on the Crown. With Introductory Essays and Notes. By 
G. A. SiMCOX, M.A., and W. H. SiMCOx, M.A. 8vo, 12*. 

Euripides. Tragoediae et Fragmenta, ex recensione Guil. 

DiNDOBPn. Tomi II. 1833. 8vo, 10*. 

Annotationes Guil. Dindorfii. Partes II. 8vo, 10*. 

Scholia Graeca, ex Codicibus aucta et emendata a Guil. 

DiNDORFio. Tomi IV. 8vo, i^. 16*. 

Alcestis, ex recensione G. Dindorfii. 8vo, 2s, 6d. 



Harpocrationis Lexicon. Ex recensione G. Dindorfii. Tomi 

II. 8vo, 10*. 6d. 

Hephaestionis Enchiridion, Terentianus Maurus, Proclus, &b. 

Edidit T. Gaispobd, S.T.P. Tomi II. 10*. 

Heracliti Ephesii Reliquiae. Recensuit I. Bywater, M.A. 

Appendicis loco additae sunt Diogenis Laertii Vita Heracliti, Particulae 
Hippocratei De Diaeta Lib. I, Epistolae Heracliteae. Svo, 69, 

Herodotus. Books V and VI. Terpsichore and Erato. 

Edited, with Notes and Appendices, by Evelyn .Abbott, M.A., LL.D. 
Svo, with two Maps, los, 6d. 

HOMEB. 

A Complete Concordance to the Odyssey and Hymns of 

Homer ; to which is added a Concordance to the Parallel Passages in the 
niad, Odyssey, and Hymns. By Henbt Dunbab, M.D. 4to, il. 19, 

Seberi Index in Homerum. 1780. Svo, 6s. 6d. 

A Grammar of the Homeric Dialect. By D. B. Monro, 

M.A. Second Edition. Svo, i^s. 

Ilias, cum brevi Annotatione C. G. Heynu. Accedunt 

Scholia minora. Tomi II. Svo, I5«. 

Ilias, ex rec. Guil. Dindorfii. 8vo, 5*. 6rf. 



London : Hbmbt Fsowdb« Amen Gomer, E.O. 
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HOMEB (contimied). 

Scholia Graeca in Iliadem. Edited by W, Dindorp, 

after a new collation of the Venetian MSS. by D. B. Monbo, M.A., 
, Provost of Oriel College. 4 vols. 8vo, 2I. 10*. 

Scholia Graeca in Iliadem Townleyana. Recensuit 

Ebnestus Ma ass. 2 vols. 8vo, il. i6«. 

Odyssea, ex rec. G. Dindorfii. 8vo, 5*. 6d. 

Scholia Graeca in Odysseam. Edidit Guil. Dindorfius. 

Tomi II. 8vo, 15«. 6d, 

Odyssey. Books I-XII. Edited with English Notes, 

Appendices, &c. By W. W. Mebbt, D.D., and the late Jambs Eiddell, 
M.A. Second Edition. Svo, i6s. 

Hymni Homerioi. Codicibus denuo collatis recensuit 



Alfbedus Goodwin. Small folio. With four Plates. 2 is, net. 

Oratores Attioi, ex recensione Bekkeri : 

I. Antiphon, Andocides, et Lysias. Svo, 7*. 
II. Isocrates. Svo, 7*. 
III. Isaeus, Aeschines, Lycurgus, Dinarchus, &c. Svo, 7«. 

Faroemiographi Graeoi, quorum pars nunc primum ex 

Codd. MSS. vulgatur. Edidit T. Gaispobd, S.T.P. Svo, 5*. 6d. 

PLATO. 

Apology, with a revised Text and English Notes, and 

a Digest of Platonic Idioms, by James Biddell, M.A. Svo, 8*. 6d. 

Fhilebiis, with a revised Text and English Notes, by 

Edward Postb, M.A. Svo, 7*. 6d. 

Republic ; The Greek Text. Edited, with Notes and 

Essays, by the late B. Jowett, M.A., and Lewis Campbell, M.A., 
LL.D. In Three Volumes. Medium Svo, cloth, 2I. 2s. 

Sophistes and Folitious, with a revised Text and 

English Notes, by L. Campbell, M.A. Svo, iS«. 

Theaetetus, with a revised Text and English Notes, by 

L. Campbell, M.A. Second Edition. Svo, io«. 6d. 
The Dialogues, translated into English, with Analyses 

and Introductions, by B. Jowett, M.A. Third Edition. 5 vols, medium 
Svo, 4I. 4*. In half-morocco, 5^ 

The Bepublic, translated into English, with Analysis and 

Introduction, by B. Jowett, M.A. Third Edition, Medium Svo, I28. 6d. ; 
half-roan, 14*. 



A Subject-Index to the Dialogues of Plato. By Evelyn 



Abbott, M.A. Svo, cloth, 2n. 6d 



Oxford : Clarendon Press. 
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Plotinus. Edidit F. Creuzer. Tomi III. 4to, \L 8*. 
Plutarohi Moralia, id est, Opera, exceptis Vitis, reliqua. 

Edidit Daniel Wyttenbach. Accedit Index Graecitatis. Tomi VIII. 
Partes XV. 1 795-1830. 8vo, cloth, 3L 10*. 

Folybius. Selections. Edited by J. L. Strachan-Davidson, 

M.A. With Maps. Medium Svo, buckram, 2i«. 
SOPHOCLES. 
The Plays and Fragments. With English Notes and 

Introductions, by Lewis Campbell, M.A. 2 vols. 
Vol. I. Oedipus Tyrannus. Oedipus Coloneus. Antigone. Svo, i6«. 
Vol. II. Ajax. Electra. Trachiniae. Philoctetes. Fragments. Svo, 168. 

Tragoediae et Fragmenta, ex reeensione et cum com- 



mentariisGuiL. DiNDORFii. Third Edition. 2 vols. Fcap. Svo, il. is. 

Each Play separately, limp, 2S, 6d. 

Tragoediae et Fragmenta cum Annotationibus Guil. 



DiNDOBFii. Tomi II. Svo, io«. 

The Text, Vol. I, 5*. 6d. The Notes, Vol. II, 4*. 6d, 

Stobaei Florilegium. Ad mss. fidem emendavit et sup- 

plevit T. Gaisfobd, S.T.P. Tomi IV. Svo, i^. 

Eclogarum Physicarum et Ethicarum libri duo. Ac- 
cedit Hieroclis Commentarius in aurea carmina Pythagoreorum. Ad 
MSS. Codd. recensuit T. Gaispord, S.T.P. Tomi II. Svo, 1 1*. 

Strabo, Selections from. With an Introduction on Strabo's 

Life and Works. By H. F. Tozeb, M.A., F.R.G.S. With Maps and 
Plans. Svo, cloth, 128. 

Thuoydides. Book I. Edited with Introduction, Notes, 

and Maps, by W. H. Fobbes, M.A. Svo, 8*. 6d. 

Thucydides. Translated intd English, with Introduction, 

Marginal Analysis, Notes, and Indices. By B. Jowett, M.A., Regius 
Professor of Greek. 2 vols. Medium Svo, i^. I2«. 

XENOPHON. Ex rec. et cura annotatt. L. Dindorfii. 

I. Historia Graeca. Second Edition. Svo, io«. 6d. 

II. Expeditio Cyri. Second Edition. Svo, los. 6d. 

III. Institutio Cyri. Svo, 10*. 6d. 

IV. Memorabilia Socratis. Svo, 7*. 6d. 

V. Opuscula Politica Equestria et Venatica cum Arriani 

Libello de Venatione. Svo, io«. 6d. 

London : Hknst Frowdb, Amen C!omer, E.O. 
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GREEK EDUCATIONAL WORKS. 

Gbammabs^ Exercise Books^ &c. 

Chandler. The Elements of Greek Accentuation : abridged 

from his larger work by H. W. Chakdleb, M.A. Extra fcap. Svo, 2*. 6d. 

King and Cookson. An Introduction to the Comparative 

Grammar of Greek and Latin. By J. E. Kino, M.A., and C. Cookson, 
M.A. Extra fcap. Svo, 58. 6d. 

Liddell and Scott. An Intermediate Greek - English 

Lexicon, founded upon the Seventh Edition of Liddell and Scott's 
Greek Lexicon. Small 4to, 1 2s. 6d, 

Liddell and Scott. A Greek-English Lexicon, abridged 

from Liddell and Scott*s 4to edition. Square 1 2mo, 7«. 6d, 

Miller. A Greek Testament Primer. An Easy Grammar 

and Beading Book for the use of Students beginning Greek. By the 
Rev. E. MiLLEB, M.A. Second Edition, Extra fcap. Svo, 3*. 6d, 

Moulton. The Ancient Classical Drama. A Study in Literary 

Evolution. Intended for Readers in English and in the Original. By 
R. G. MoDLTON, M.A. Crown Svo, 8«. 6d. 

Wordsworth. A Greek Primer, for the use of beginners in 

that Language. By the Right Rev. Charles Wobdswobth, D.C.L. 
Seventy-seventh Thousand, Extra fcap. Svo, is. 6d. 

Graecac Grammaticae Rudimenta in usum Scholarum. 

Auctore Cabolo Wobdsworth, D.C.L. Nineteenth Edition. i2mo, 44. 



A Primer of Greek Prose Composition. By J. Y. Sabgent, 

M.A. Extra fcap. Svo, 3*. 6rf. 

*J^ A Key to the above, price 5*. net. Supplied to Teachers cmly, on 
application to the Secretary, Clarendon Press. 

Passages for Translation into Greek Prose. By J. Young 

Saboent, M.A. Extra fcap. Svo, 38. 

Exemplaria Graeca. Being Greek Renderings of Selected 

* Passages for Translation into Greek Prose.* By the same Author. Extra 
fcap. Svo, 3«. 



Oxford: Clarendon Press. 
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Models and Materials for Greek Iambic Verse. By J. Y. 

Sabobnt, M.A. Extra fcap. 8vo, 48. 6(2. 

Graece Beddenda. By C. S. Jerram, M.A. Extra fcap. 

Svo, 2s, 6d, 

Beddenda Minora $ or, Easy Passages, Latin and Greek, for 

Unseen Translation. By C. 8. Jerram, M.A; Third Edition. Extra 
fcap. Svo, 18, 6d. 

Anglice Beddenda; or, Extracts, Latin and Greek, for Unseen 

Translation. By C. S. Jebbam, M.A. Extra fcap. Svo, 2«. 6d. 

Anglioe Beddenda. Second Series, By the same Author. 

Extra fcap. 8vo, 39. 

Anglice Beddenda. TAird Series. For the use of Middle 

and Higher Forms. By the same Author. Extra fcap. 8yo, $8. 

Models and Exercises in Unseen Translation. By H. F. 

Fox, M.A., and T. M. Bromlet, M.A. Extra fcap. 8vo, 58. 6d, 

*^i* A Key to Passages quoted in the above, price 6d. Supplied 
to Teachers only, on application to the Secretary, Clarendon Press. 

Golden Treasury of Ancient Greek Poetry. By R. S. 

Wright, M.A. Second Edition. Revised by Evelyn Abbott, M.A., 
LL.D. Extra fcap. Svo, io«. 6d. 

Golden Treasury of Greek Prose, being a Collection of the 

finest passages in the principal Greek Prose Writers, with Introductory 
Notices and Notes. By E. S. Wright, M.A., and J. E. L. Shadwell, 
M.A. Extra fcap. Svo, 4s. 6d. . 



Greek Readers. 
Easy Greek Header. By Evelyn Abbott, M.A. In one or 

two Parts. Extra fcap. Svo, ^s. 

First Greek Reader. By W. G. Rushbrooke, M.L. TAird 

Edition, Extra fcap. Svo, 2«. 6d. 

Second Greek Reader. By A. M. Bell, M.A. Second 

Edition, Extra fcap. Svo, 3«. 

Specimens of Greek Dialects ; being a Fourth Greek Reader. 

With Introductions, Ac. By W. W. Merry, D.D. Extra fcap. Svo, 4s. 6d, 

Selections from Homer and the Greek Dramatists ; being 

a Fifth Oreek Reader. With Explanatory Notes and Introductions 
to the Study of Greek Epic and Dramatic Poetry. By Evelyn Abbott, 
M.A. Extra fcap. Svo, 40. 6d. 

London : Hnrar Fbowdb, Amen Comer, KG. 
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Greek Classics fob Schools. 

Aeschylus. In Single Plays. Extra fcap. 8vo. 

I. Agamemnon. With Introduction and Notes, by 

Abthub Sidowiok, ma. Fourth Edition, $«. 

II. Choeplioroi. By the same Editor. 3*. 

III. Eumenides. By the same Editor. New Edition. 3*. 

IV. Prometheus Bound. With Introduction and Not-es, 

by A. O. Pbiokabd, MA. Second Edition* 28. 

Aristophanes. In Single Plays. Edited^ with English 

Notes, Introductions, Ac, by W. W. Mebbt, D.D. Extra fcap. Svo. 

I. The Acharnians. Third Edition, 3*. 

II. The Clouds. Third Edition, 38. 

III. The Frogs. Third Edition, 3«. 

IV. The Knights. Second Edition, 3«. 

V. The Birds. 3«. 6d, 

VI. The Wasps. 3*. 6d. 

Oebes. Tabula. With Introduction and Notes. By C. S. 

Jebbam, ma. Extra fcap. Svo, 2«. 6d. 

Demosthenes. Orations against Philip. With Introduction 

and Notes, by Eveltn Abbott, M.A., and P. E. Matheson, M.A. 

Vol.1. Philippic I. Olynthiacs I-III. Third Edition. Extra fcap. 

Svo, 3*. 
Vol. II. De Pace, Philippic II, De Chersoneso, Philippic III. Extra 

fcap. Svo, 4«. 6d. 

Philippics only, reprinted from the above. 2S, 6d. 

Euripides. In Single Plays. Edited with Introduction and 

Notes. Extra fcap. Svo. 

I. Alcestis. By C. S. Jbrram, M.A. Third Edition, 2s. 6d. 

II. Cyclops. By W. E. Long, M.A. 2s. 6d. 

III. Hecuba. By C. H. Russell, M.A. 28. 6d, 

IV. Helena. By C. S. Jerkam^ M.A. 3*. 

V. Heracleidae. By C. S. Jerram, M.A. 3*. 

VI. Iphigenia in Tauris. By the same Editor. 3*. 

VII. Medea. ByC.B.HBBERDEN,M.A. Second Edition. 2s. 

VIII. Bacchae. By A. H. Cruickshank, M.A. 3*. 6d. 

Oxford: Clarendon Press. 
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Herodotus. Book IX. Edited, with Notes, by Evelyn 

Abbott, M.A. Extra fcap. 8vo, 3«. 

Selections. Edited, with Introduction and Notes, by 

W. W. Mbrbt, D.D. Extra fcap. 8vo, 2*. 6(f . 

Homer. 

I. For Beginners. Iliad, Book III. By M. T. Tatham, 

M.A. Extra fcap. 8vo, I8. 6^. 

II. Iliad, Books I-XII. With an Introduction and 

a brief Homeric Grammar, and Notes. By D. B. Monbo, M.A. 
Third Udition. Extra fcap. 8vo, 6s. 

III. Iliad, Books XIII-XXIV. With Notes. By the 

same Editor. Second Edition. Extra fcap. Svo, 69. 

IV. Iliad, Book I. By the same Editor. Second Edition, 

Extra fcap. Svo, is. 6d. 

V. Iliad, Book XXI. With Introduction and Notes. 
By Hebbebt Hailstone, M.A. Extra fcap. Svo, is. 6d. 

VI. Odyssey, Books I-XII. By W. W. Merey, D.D. 

Fiftieth Thousand. Extra fcap. Svo, ^s. 

Books I and II, separately, each is. 6d. 
Books VI and VII. Extra fcap, Svo, is. 6d. 

VII. Odyssey, Books VII-XII. By the same Editor. 

Extra fcap. Svo, 3«. 

VIII. Odyssey, Books XIII-XXIV. By the same Editor. 

Thirteenth Thousand, Extra fcap. Svo, 5^. 

IX. Odyssey, Books XIII-XVIII. By the same 

Editor. Extra fcap. Svo, 3«. 

Luoian. Vera Historia. By C. S. Jerram, M.A. Second 

Edition. Extra fcap. Svo, is. 6d, 

Lysias. Epitaphios. Edited, with Introduction and Notes, 

by F. J. Snell, B.A. Extra fcap. Svo, 2*. 

Plato. With Introduction and Notes. By St. George 

Stock, M.A. Extra fcap. Svo. 

The Apology. Second Edition. 28. 6d. 

Crito, 28. 

Meno. Second Edition. 28. 6d. 

Selections. With Introductions and Notes. By John 

PuRVES, M.A., and Preface by B. Jowett, M.A. Second Edition. Extra 
fcap. Svo, 5*. 

Plutarch. Lives of the Gracchi. Edited, with Introduction, 

Notes, and Indices, by 6. E. Underbill, M.A. Crown Svo. 4s. 6d. 

London : Hbmbt Fsowdb, Amen Comer. E.C. 
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Sophocles. Edited, with Introductions and English Notes, 
by Lewis Campbell, M.A., and Evelyn Abbott, M.A. Ntw Edition, 
2 vols. Extra fcap. 8vo, io«. 6d. 

Sold separately : Vol. I, Text, 4«. 6d. ; Vol. II, Explanatory Notes, 6*. 

Or in single Plays: — 
Oedipus Coloneus, Antigone, is, gd. each; Oedipus Tyrannus, 
Ajax, Electra, Trachiniae, Philoctetes, 2s, each. 

Oedipus Rex : Dindorf's Text, with Notes by the 

present Bishop of St. David's. Extra fcap. 8vo, limp, is, 6d. 

Theocritus (for Schools). With English Notes. By H. 

Ktnaston, D.D. (late Snow). Fifth Edition. Extra fcap. 8vo, 48. 6d. 

Thuoydides. Book L Edited, with Notes and Maps, by 
W. H. Forbes, M.A. 8vo, Ss. 6d. 

XENOFHON. Easy Selections (for Junior Classes). With a 

Vocabulary, Notes, and Map. By J. S. Phillpotts, B.C.L., and C. S. 
Jebram, M.A. Third Edition. Extra fcap. 8vo, ^s. 6d. 

Selections (for Schools). With Notes and Maps. By 

J. S. Phillpotts, B.C.L. Fourth Edition. Extra fcap. 8vo, 3*. 6d. 
*** A Key to Sections 1-3, for Teachers only, 2s. 6d. net. 

Anabasis, Book I. Edited for the use of Junior Classes 

and Private Students. With Introduction, Notes, &c. By J. Marshall, 
M.A. Extra fcap. 8vo, 2s. 6d. 

Anabasis, Book II. With Notes and Map. By C. S. 

Jerrah, M.A. Extra fcap. 8vo, 28. 

Anabasis, Book III. With Introduction, Analysis, 

Notes, &c. By J. Marshall, M.A. Extra fcap. 8vo, 2s, 6d. 

Anabasis, Book IV. By J. Marshall, M.A. Extra 

fcap. 8vo, 28. 

Vocabulary to the Anabasis. By J. Marshall, M.A. 

Extra fcap. 8vo, is. 6d. 

Cyropaedia, Book I. With Introduction and Notes. By 

C. Bigg, D.D. Extra fcap. 8vo, 28. 

Cyropaedia, Books IV and V. With Introduction and 



Notes. By C. BiGG, D.D. Extra fcap. 8vo, 28. 6d. 

— Hellenica, Books I, II. With Introduction and Notes. 

By G. E. Undbrhill, M.A. Extra fcap. 8vo, 38. 

— Memorabilia. Edited with Introduction and Notes, &c., 

by J. Marshall, M.A. Extra fcap. 8vo, 48. 6d. 



Oxford : Clarendon Press. 
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SECTION V. 

ORIENTAL LANGUAGES*. 

THE SACBED BOOKS OF THE EAST. 

Translated by vabious Obiental Soholabs, and edited by 

F. Max MOlleb. 

First Series, Vols. I— XXIV. Demy 8vo, cloth. 
Vol. I. The Upanishads. Translated by F. Max Muller. 

Part I. 108. 6d. 

Vol. II. The Sacred Laws of the Aryas, as taught in the 

Schools of Apastamba, Gautama, V&sish^Aa, and Baudh&yana. Trans- 
lated by Prof. Geobg Buhleb. Part I. I08. 6d. 

Vol. III. The Sacred Books of China. The Texts of Con- 
fucianism. Translated by James Leqoe. Part I. 1 2s. 6d, 

Vol. IV. The Zend-Avesta. Part I. The Vendid&d. Trans- 
lated by James Dabmesteteb. New Edition. Immediately. 

Vol. V. The Pahlavi Texts. Translated by E. W. West. 

Part I. 12s. 6d. 

Vols. VI and IX. The Qurln. Translated by E. H. 

PALMEB. 218. 

Vol. VII. The Institutes of Vishwu. Translated by Julius 
Jolly. io«. 6d. 

Vol. VIII. The Bhagavadgtta, with The Sanatsu^/atiya, and 

The Anuglt&. Translated by KIshinath Tbimbak Telano. io«. 6d. 

Vol. X. The Dhammapada, translated from Pali by F. Max 

MUlleb; and The Sutta-Nip&ta, translated from P&li by V. Fausboll ; 
being Canonical Books of the Buddhists. los. 6d, 

Vol. XI. Buddhist Suttas. Translated from Pali by T. W. 
Rhys Davids. io«. 6d. 

Vol. XII. The 5atapatha-Br&hma«a, according to the Text 

of the Madhyandina School. Translated by Julius Egoelino. Part I. 
Books I and II. 1 28. 6d. 



* See also Anecdota Oxon., Series II, III, pp. 43-44, below. 



London : Hkkst Fsowdb, Amen Comer, E.C 
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The Saored Books of the East (continued). 

Vol. XIII. Vinaya Texts. Translated from the Pali by 
T. W. Khys Davids and Hermann Oldenbbbo. Part I. 10*. 6<i. 

Vol. XIV. The Sacred Laws of the Aryas, as taught in the 

Schools of Apastamba, Gautama, Vasish^Aa, and Bandh&yana. Translated 
by Gbobo Buhleb. Part II. io«. 6(2. 

Vol. XV. The Upanishads. Translated by F. Max Muller. 

Part II. io«. (id. 

Vol XVI. The Sacred Books of China. The Texts of 

Confucianism. Translated by J ahes Legoe. Part II. io«. 6(2. 

Vol. XVII. Vinaya Texts. Translated from the Pali by 
T. W. Rhys Davids and Hermann Oldenbebo. Part II. 10*. 6(2. 

Vol. XVIII. Pahlavi Texts. Translated by E. W. West. 

Part II. 1 29, 6d. 

Vol. XIX. The Fo-sho-hing-tsan-king. A Life of Buddha 

by Afvaghoslia Bodhisattva, translated from Sanskrit into Chinese by 
Dharmaraksha, A.D. 420, and from Chinese into English by Samuel 
Beal. 109, 6d. 

Vol. XX. Vinaya Texts. Translated from the Pfi,li by T. W. 
Ehts Davids and Hebmann Oldenbebg. Part III. io«. 6d. 

Vol. XXL The Saddharma-pim^arika ; or, the Lotus of the 

True Law. Translated by H. Kebn. 12*. 6d, 

Vol. XXII. Gaina-SAtras. Translated from Prakrit by 
Hebmann J ACOBi. Part I. 10*. 6(2. 

Vol. XXIII. The Zend-Avesta. Part II. Translated by James 

Dabmesteteb. ios. 6d, 

Vol. XXIV. Pahlavi Texts. Translated by E. W. West. 

Part III. 108, 6d. 

Second Series. 
Vol. XXV. Mann. Translated by Gborg Buhler. 21s. 

Vol. XXVI. The -Satapatha-BrahmaTia. Translated by 
Julius Eggeling. Part II. 12s. 6d, 



Oxford 
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The Saored Books of the East {continued). 

Vols. XXVII and XXVIII. The Sacred Books of China. 

The Texts of Confucianism. Translated by James Leoos. Parts III and 
IV. 25*. 

Vols. XXIX and XXX. The Gnhya-Sfttras, Rules of Vedic 

Domestic Ceremonies. Translated by Hebmann Oldenbebo. 

Part I (Vol. XXIX). 1 2*. 6<i. 
Part II (Vol. XXX). 1 2*. 6df. 

Vol. XXXI. The Zend- A vesta. Part III. Translated by 
L. H. Mills, i 2«. 6(2. 

Vol. XXXII. Vedic Hymns. Translated by F. Max 

MULLEB. Part I. i8«. 6d. 

Vol. XXXIII. The Minor Law-books. Translated by Julius 

JOLLT. Part I. N&rada, firthaspati. 108. 6cf. 

Vol. XXXIV. The Ved&nta-Sutras, with Ankara's Com- 

mentary. Translated by G. Thibaut. Part I. 1 2«. 6d. 

Vol. XXXV. The Questions of King Milinda. Part I. 

Translated from the P&li by T. W. Rhts Davids. lOf. 6d. 

Vol. XXXVI. The Questions of King Milinda. Part II. 

\28, 6d. 

Vol. XXXVII. The Contents of the Nasks, as stated in the 

Eighth and Ninth Books of the Dlnkard. Part I. Translated by 
E. W. West. 15«. 

Vol. XXXVIII. The Vedanta-Sutras. Translated by G. 
Thibaut. Part II. 128, 6d. 

Vols. XXXIX and XL. The Sacred Books of China. The 

Texts of TAoism. Translated by James Leooe. 2 1«. 

Vol. XLI. /Satapatha-Br&hmawa. Part III. Translated by 
Julius Egoelino. 128. 6d. 

Vol. XLII. Hymns of the Atharva-veda. Translated by 

M. Bloomfield. [In preparation,'] 

Vols. XLIII and XLIV. The iSatapatha-Br&hmawa. Parts 

IV and V. [In preparaivm.] 

London: Hbvst Fbowdb, Amen Comer, E.C. 
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The Saored Books of the East (contiwied). 

Vol. XL V. The Gaina-Sutras. Translated from Prakrit 
by Hermann Jaoobi. Part II. 1 28. 6d. 

Vol.XLVI. The Vedftnta-Sutras. Part III. [Inpreparatiofi.^ 
Vol. XL VII. The Contents of the Nasks. Part II. [In 

preparation, ] 

Vol. XLVIII. Vedic Hymns. Part II. [In preparation.^ 
Vol. XLIX. Buddhist Mahayftna Texts. Buddha-iarita, 

translated by E. B. Cowbll. Sukhavati-vydha, VagraAf^Aedika, &c., 
translated by F. Max MOlleb. Amitayur-Dhy&na-Stitra, translated by 

J. TAKAKflSU. 128. 6d. 



ABABIC. A Practical Arabic Grammar. Compiled by A. O. 

Gbeen, Brigade Major, Royal Engineers. 
Part I. Third Edition, Revised and Enlarged, Crown 8vo, 7*. 6d. 
Part II. Third Edition. Mevised and Enlarged, io«. 6d. 

BENGALI. Grammar of the Bengali Language ; Literary 

and Colloquial. By John Beames. Crown 8vo, cloth, *]8. 6d, ; cut flush, 6«. 

BUBMESE. A Burmese Reader. By R. F. St. Andrew 

St. John, Hon. M.A. Crown 8vo, los. 6d. 

CHINESE. The Chinese Classics: with a Translation, 

Critical and Exegetical Notes, Prolegomena, and Copious Indexes. By 
Jambs Leoge, D.D., LL.D. In Eight Volumes. Royal 3vo. 

Vol. I. Confiician Analects, &c. New Edition, il, 10*. 
Vol. II. The Works of Mencius. New Edition, il. i6s. 
Vol. III. The Shoo-King ; or. The Book of Historical 

Documents. In two Parts, il. 10s. each. 

Vol. IV. The She-King ; or. The Book of Poetry. In 

two Parts. 1 2. los, each. 

Vol. V. The Ch'un Ts'ew, with the Tso Chuen. In two 

Parts. iZ. 108. each. 

CHINESE. The Nestorian Monument of Hsi-an Fu in 

Shen-hsl, China, relating to the Diffusion of Christianity in China in 
the Seventh and Eighth Centuries. By James Leckje, D.D. a^. 6d, 

Record of Buddhistic Kingdoms; being an Account 

by the Chinese Monk FA-hien of his travels in India and Ceylon (a.d. 
399-414). Translated and annotated, with a Corean recension of the 
Chinese Text, by James Leoge, D.D. Crown 4to, boards, 10*. 6d. 



Oxford: Clarendon Press. 
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CHINESE. — Catalogue of the Chinese Translation of the 

Buddhist TripUaka, the Sacred Canon of the Buddhists in China and 
Japan. Compiled by Buntiu Nanjio. 4to, i^. I2«. 6d. 

Handbook of the Chinese Language. Parts I and II. 



Grammar and Chrestomathy. By James Summers. Svo, i I, 80. 

CHALDEE. Book of Tobit. A Chaldee Text, from a 

unique MS. in the Bodleian Library. Edited by Ad. Nsubaueb, M.A. 
Crown 8vo, 6». 

COPTIC. Libri Prophetarum Majorum, cum Lamentationibus 

Jeremiae, in Dialecto Linguae Aegyptiacae Memphitica seu Coptica. 
Edidit oum Versione Latina H. Tattam, S.T.P. Tomi II. Svo, 1 7«. 

Libri duodecim Prophetarum Minorum in Ling. Aegypt. 

vulgo Coptica. Edidit H. Tattam, A.M. 8vo, 8«. dd, 

Novum Testamentum Coptice, eura D. Wilkins. i %h. 6d, 



HEBBEW. Psalms in Hebrew (without points). Cr. 8vo, 2S, 
Driver. Notes on the Hebrew Text of the Books of 

Samuel. By S. R. Driyeb, D.D. Svo, 14^. 

Treatise on the use of the Tenses in Hebrew. 

By S. R. Dbiveb, D.D. Third Edition, Crown 8vo, 7». 6d. 

Commentary on the Book of Proverbs. Attributed 



to Abraham Ibn Ezra. Edited from a Manuscript in the Bodleian 
Library by S. R. Dbiyer, D.D. Crown 8vo, paper covers, $«. 6d. 

A Hebrew and English Lexicon of the Old Testament, 

vdth an Appendix containing the Biblical Aramaic, based on the 
Thesaurus and Lexicon of GlSEKius, by Fbancis Bbown, D.D., 
S. R. Dbiveb, D.D., and C. A. Bbioos, D.D. Parts I— FV. SmaU 
4to, each, 2s. 6(jl. Part V. In the Press. 

Neubauer. Book of Hebrew Roots, by Abu '1-Walid 

Marw&n ibn JanAh, otherwise caUed Rabbi Ydn&h. Now first 
edited, vdth an Appendix, by Ad. Neubaueb. 4to, 2I, 7«. 6d. 

Spurrell. Notes on the Hebrew Text of the Book of 

Genesis. By G. J. Spubbbll, M.A. Crown 8vo, los. 6d, 

Wickes. Hebrew Accentuation of Psalms, Proverbs, and 

Job. By William Wickes, D.D. 8vo, 5«. 
Hebrew Prose Accentuation. 8vo, io#. bd. 

HINDUSTANI. A Hindustani Grammar. In two Parts. 

By Majob a. O. Gbsen, Lieut.-Colonel, R.E. In the Press. 
London: Hbvrt Frowdb, Amen Comer, E.C, 
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SANSKBIT. — Sanskrit-English Dictionary, Etymologically 

and Philologically arranged, with special reference to Greek, Latin, 
German, Anglo-Saxon, English, and other cognate Indo-European 
Languages. By Sir M. Monieb- Williams, D.C.L. 4to, 4/. 14^. dd. 

Practical Grammar of the Sanskrit Language, arranged 

with reference to the Classical Languages of Europe, by Sir M. MONIEB- 
Williams, D.C.L. Fourth Edition. 8vo, i5«. 

Nalopdkhy&nam. Story of Nala, an Episode of the Mah&- 

bh^rata : Sanskrit Text, with a copious Vocabulary, and an improved 
version of Dean Milman's Translation, by Sir M. Monisb- Williams, 
D.C.L. Second Edition y Revised and Improved. 8vo, 15^. 

Sakuntala. A Sanskrit Drama, in seven Acts. Edited 

by Sir M. Monieb- Williams, D.CL. Second Edition. 8vo, il, is. 

SYBIAC. — Thesaurus Syriacus : collegerunt Quatrem^re, 

Bernstein, Lorsbach, Amoldi, Agrell, Field, Boediger : edidit K. Patks 
Smith, S.T.P. Vol. I, containing Fasc. I-V. Sm. fol. 5Z. 5*. 

Fasc. VI, il. 18.; VII, iZ. ii«. 6d.; VIII, il. i6«.; IX, il. 5«. 

The Book of Kalllah and Dinmah. Translated from 

Arabic into Syriac. Edited by W. Weight, LL.D. 8vo, iZ. I8. 

Cyrilli Archiepiscopi Alexandrini Commentarii in Lueae 

Evangelium quae supersunt Syriace. £ MSS. apud Mus. Britan. edidit 
B. Payne Smith, A.M. 4to, iZ. 28. 

Translated by R. Payne Smith, M.A. 2 vols. 8vo, 148. 



— Ephraemi Syri, Babulae Episcopi Edesseni, Balaei, &c., 

Opera Selecta. E Codd. Syriacis MSS. in Museo Britannico et Bibliotheca 
Bodleiana asservatia primus edidit J.J. Ovebbeok. 8vo, il. is. 

— John, Bishop of Ephesus. The Third Part of his Eccle- 
siastical History. [In Syriac] Now first edited by William Cubeton, 
M.A. 4to, il. 128. 

Translated by R. Payne Smith, M.A. 8vo, ios. 



TAMIL. First Lessons in Tamil. By G. U. Pope, D.D. 

Fifth Edition, Crown Svo, 7*. 6d. 

The Naladiyar, or Four Hundred Quatrains in Tamil, 

Edited by G. U. Pope, D.D. Svo, 18*. Large Paper, 2I. half Roxburgh. 

ZEND. The Ancient MS. of the Yasna, with its Pahlavi 

Translation (a.d. 1323), generally quoted as Ja, and now in the posses- 
sion of the Bodleian Library. Reproduced in Facsimile, and Edited 
with an Introductory Note by L. H. Mills, D.D. Half-bound, 
Imperial 4to, 10^. 10s. net. 



Oxford: Clarendon Press. 
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SECTION VI. 

ANECDOTA OXONIENSIA. 

(Crown 4to, stiflf covers.) 
I. CIiASSICAIi SEBIES. 

I. The English Manuscripts of the Nieomaehean Ethics. 

By J. A. Stewart, M.A. 3*. 6d, 

II. Nonius Marcellus, de Compendiosa Doctrina, Harleian 

MS. 3719. Collated by J. H. Onions, M.A. 3«. 6d, 

In. Aristotle's Physics. Book VII. With Introduction by 

R. Shute, M.A. 29. 

IV. Bentley's Plautine Emendations. From his copy of 

Gronovius. By E. A. Sonnenschein, M.A. 2s, 6d. 

V. Harieian MS. 2610 ; Ovid's Metamorphoses I, II, III. 

1-622 ; XXIY Latin Epigrams from Bodleian or other MSS. ; Latin 
Glosses on ApoUinaris Sidonius from MS. Digby 172. Collated and 
Edited by Eobinson Ellis, M.A., LL.D. 48, 

VI. A Collation with the Ancient Armenian Versions of the 

Greek Text of Aristotle's Categories, De Interpretatione, De Mundo, 
De Virtutibus et Vitiis, and of Porphyry's Introduction. By F. C. 

i CONTBEARE, M.A. 14^. 

VII. Collations from the Harleian MS. of Cicero 2682, By 

Albert C. Clark, M.A. 7*. 6d. 

II. SEMITIC SEBIES. 

I. Commentary on Ezra and Nehemiah. By Rabbi 

Saadiah. Edited by H. J. Mathews, M.A. $«. 6d. 

II. The Book of the Bee. Edited by Ernest A. Wallis 

Budge, M.A. 21s. 

III. A Commentary on the Book of Daniel. By Japhet Ibn 

Ali. Edited and Translated by D. S. Marooliouth, M.A. 2 u. 

IV. Mediaeval Jewish Chronicles and Chronological Notes. 

Edited by Ad. Neubauer, M.A. 14^. 

V. The Palestinian Version of the Holy Scriptures. Five 

more Fragments recently acquired by the Bodleian Library. Edited 
by G. H. GwiLLiAM, B.D. 0». 

VII. Churches and Monasteries of Egypt; attributed to 

Abti Salih, the Armenian. Edited and translated by B. T. A. 
Evetts, M. a., with Notes by A. J. Bctler, M.A., F.S.A. i^ 1 1*. 6d. 

VIII. The Ethiopic Version of the Hebrew Book of Jubilees. 

Edited by R. H. Charles, M.A. i2«. 6d. 

London: Hkhst FbowdB) Amen Comer, E.C. 
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ANECDOTA OXONIENSIA [continued), 

III. ABYAN SEBIES. 

I. Buddhist Texts from Japan, i. Va^ra>l^^edika. Edited 

by F. Max Mulleb. 3«. (id, 

II. Buddhist Texts from Japan. 2. Sukhavati Vyuha. 

Edited by F. Max Mulleb, M.A., and Buntiu Nanjio. 7«. dd. 

III. Buddhist Texts from Japan. 3. The Ancient Palm- 

leaves containing the Pra^nSl-Paramita-Hrtdaya-Siitra and the 
XJshnlsha-Yigaya-Dharani, edited by F. Max Mulleb, MA., and 
BuNTiu Nanjio, M.A. With an Appendix by G. Buhleb. io#. 

IV. K&ty&yana's Sarvanukramawi of the fiegveda. With 

Extracts from Sha(2guru^8hya*8 Commentary entitled Yedsbrthadipikft. 
Edited by A. A. Maodonell, M.A., Ph.D. 16*. 

V. The Dharma Sa/»graha. Edited by Kenjiu Kasawara, 

F. Max Mulleb, and H. Wbnzel. 7*. ^d, 

VII. The Buddha-Zarita of A^vaghosha. Edited, from three 
MSS., by E. B. Cowell, M.A. I2«. ^d. 



IV. MEDIAE VAIi AND MODEBN SEBIES. 

I. Sinonoma Bartholomei. Edited by J. L. G. Mowat, 

M.A. 3«. 6(2. 

II. Alphita. Edited by J. L. G. Mowat, M.A. 12*. 6d. 

III. The Saltair Na Rann. Edited from a MS. in the 

Bodleian Library, by Whitley Stokes, D.C.L. 7*. ^d, 

IV. The Cath Finntrdga, or Battle of Ventry. Edited by 

KuNO Meteb, Ph.D., M.A. 6«. 

V. Lives of Saints, from the Book of Lismore. Edited, 

with Translation, by Whitley Stokes, D.C.L. \l,iit, 6rf. 

VI. The Elueidariiim and other Tracts in Welsh, from Llyvyr 

Agkyr Llandewivrevi, a.d. 1346. Edited by J. MoBBis Jones, M.A., and 
John Eh^s, M.A. 2 is. 

VIII. Hiberniea Minora. Being a fragment of an Old-Irish 

Treatise on the Psalter. With Translation, Notes and Glossary, Edited 
by KuNO Meyeb. 73. 6d. 

X. The earliest Translation of the Old Testament into the 

Basq ue Language (a Fragment). Edited, ivith Facsimile, by Llewelyn 
Thomas, M.A. i8«. 6(2. 



^ 
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II. THEOLOGY. 

A. THE HOLY SCRIPTURES, APOCRYPHA, <tc. 

COPTIC. Libri Prophetarum Majorum, cum Lamentationibus 

Jeremiae, in Dialecto Linguae Aegyptiacae Memphitica sen Coptica. 
Edidit cum Versione Latina H. Tattam, S.T.P. Tomi II. 8vo, 1 7«. 

Libri duodecim Prophetarum Minorum in Ling. Aegypt. 

vulgo Coptica. Edidit H. Tattam, A.M. 8vo, 88. 6d. 

Novum Testamentum Coptice, cura D. Wilkins. 1716. 



4to, isff. 6d, 

ENGLISH. The Holy Bible in the Earliest English Versions, 

made from the Latin Vulgate by John Wyclifpb and his followers : 
edited by Fobshall and Madden. 4 vols. Boyal 4to, 3Z. 34. 

Also reprinted from the above, with Introduction and Glossary 

by W. W. Skeat, Litt.D. 

I. The Books of Job, Psalms, Proverbs, Eeelesiastes, and 

the Song of Solomon. Extra fcap. Svo, 3«. 6d. 

II. The New Testament. Extra fcap. 8vo, 6s. 



— The Holy Bible : an exact reprint, page for page, of 

the Authorized Version published in the year 1611. Demy 4to, 
half-bound, il, is. 

— The Holy Bible, Revised Version*. 

Cheap editions for School Use, 

Revised Bible. Pearl i6mo, cloth boards, is. 6d. 

Revised New Testament. Nonpareil 32mo, 6d. ; Brevier i6mo, is. ; 
Long Primer 8vo, is. 6d. 

— The Oxford Bible for Teachers, containing the Holy 

Scriptures, together with a new, enlarged, and illustrated edition of the 
Oxford Helps to the Study of the Bible, comprising Introductions to 
the several Books, the History and Antiquities of the Jews, the results 
of Modem Discoveries, and the Natural History of Palestine, with copious 
Tables, Concordance and Indices, and a series of Maps. Prices in various 
sizes and bindings from 38. to 50^. 



%♦ The Revised Version is the joint property of the Universities of 

Oxford and Cambridge, 



London : Hsvbt Frowdbi Amen Comer, E.O. 
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ENGLISH {continued), 

Helps to the Study of the Bible, taken from the 

OxFOBD BiBLB FOB Teaohers. JVeto, JEnlargedy and Illustrated Edition, 
Pearl i6mo, stiff covers, is. net. 
Large Type edition, long primer 8vo, doth boards, 48. 6d, net. 

The Psalter, or Psalms of David, and certain Canticles, 

with a Translation and Exposition in English, by Bichabd Bollb of Ham- 
pole. Edited by H. B. Bbahlet, M.A., Fellow of S. M. Magdalen College, 
Oxford. With an Introduction and Glossary. Demy 8vo, il. is. 



— Studi^ Biblioa et Eoolesiastioa. Essays in Biblical 

and Patristic Criticism, and kindred subjects. By Members of the Uni- 
versity of Oxford. 8vo. 

Vol. I, los. 6d. Vol. II, 1 2s, 6d, Vol. Ill, i6«. 

— Deuterographs. Duplicate passages in the Old Testa- 

ment. Arranged and Annotated by R.B.6lBDLEST0NB,M.A. 8vo,7«.6(i 

— Lectures on the Book of Job. Delivered in Westminster 

Abbey by the Very Rev. G. G. Bbadlet, D.D. Second Edition. Crown 
8vo, 7*. 6d, 

— Lectures on Ecclesiastes. By the same Author. Cr. 8 vo, 

^s, 6d, 

— The Book of Wisdom : the Greek Text, the Latin Vul- 
gate, and the Authorised English Version ; with an Introduction, Critical 

Apparatus, and a Commentary. By W. J. Deane, M.A. 4to, 1 2«. 6d. 

— The Five Books of Maccabees, in English, with Notes 

and Illustrations by Henby Cotton, D.C.L. 8vo, los, 6d. 

— The Book of Enoch. Translated from Dillmann's 

Ethiopic Text (emended and revised), and Edited by B. H. Chables, M.A. 
8vo, 168. 

List of Editions of the Bible in English. By Hbkrt 



Cotton, D.C.L. Second Edition. 8vo, 8«. 6d, 

Bhemes and Doway. An attempt to show what has 



been done by Boman Catholics for the diffusion of the Holy Scriptures in 
English. By Hbnby Cotton, D.C.L. 8vo, 9*. 

GOTHIC. Evangeliorum Versio Gothica, cum Interpr. et 

Annott. E. Benzelii. Edidit E. Lye, A.M. 4to, 12s, 6d. 

The Gospel of St. Mark in Gothic^ according* to the 

translation made by Wulfila in the Fourth Century. Edited by 
W. W. SKEATjLitt.D. Extra fcap. 8vo, 4s, 



Oxford: Clarendon Press. 
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GBEEK. Old Testament. Vetus Testamentum ex Versione 

Septuaginta Interpretum secundum exemplar Vaticanum Bomae editum. 
Accedit potior varietas Codicis Alexandrini. Tomilll. i8mo, iSff. 

Vetus Testamentum Graece cum Variis Lectionibus. 

Editionem a B. Holmbs, S.T.P. inchoatam continuavit J.Pabsons, S.T.B. 
Tomi V. folio, *jl. 

A Concordance to the Septuagint and the other Greek 

Versions of the Old Testament (including the Apocryphal Books). By 
the late Edwin Hatch, M.A., and H. A. Bedpath, M.A. Farts I-IV. 

A-MTPE^k62. Imperial 4to, each, ai#. Part V. In the Press. 

Origenis Hexaplorum quae supersunt ; sive, Veterum 

Interpretum Graecorum in totum Vetus Testamentum Fragmenta. Edidit 
Fbedebious Field, A.M. 2 vols. 1875. 4to, 5 2. 5^. 

Essays in Biblical Greek. By Edwin Hatch, M.A., D.D. 

Svo, I Off. 6^. 

An Essay on the Place of Ecclesiasticus in Semitic 

Literature. By D. S. Mabooliodth, M.A., Laudian Professor of Arabic 
in the University of Oxford. Small 4to, 2S. 6d, 

New Testament. Novum Testamentum Graece. Anti- 

qnissimorum Codicum Textus in ordine parallelo dispositi. Edidit 
E. H. Hansell, S.T.B. Tomi III. Svo,^ 24s, 

Novum Testamentum Graece. Accedunt parallela 

S. Scripturae loca, &c. Edidit Oabolus Lloyd, S.T.P.B. iSmo, $«. 
On writing paper, with wide margin, 7«. 6d. 



Critical Appendices to the above, by W. Sanday, M.A. 

Extra fcap. Svo, cloth, 30. 6d. 

— Novum Testamentum Graece. Accedunt parallela S. 

Scripturae loca, fta Ed. C. Llotd, with Sandat's Appendices. Cloth, 
6$. ; paste grain, 7«. 6d.; morocco, io«. 6d. 

— Novum Testamentum Graece juxta Exemplar Millianum. 

iSmoy 2«. 6d. On writing paper, with wide margin, 70. 6d. 

— Evaugelia Sacra Graece. Fcap. Svo, limp, i«. 6d. 



London: Hxnr Fbowds, Amen Comer, E.C. 



48 //• Theology. 



GBEEK (continued^. 

The Greek Testament, with the Readings adopted by 



the Revisers of the Authorised Version : — 

(i) Pica type, with Marginal References. Demy 8vo, lOff. ^d. 

(2) Long Primer type. Fcap. 8vo, 4*. 6(f. 

(3) The samBf on writing paper ^ with wide margin, 15^. 

— The New Testament in Greek and English. Edited by 

E. Cabdwkll, D.D. 2 vols. 1837. Crown 8vo, 6». 

— The Parallel New Testament, Greek and English ; 

being the Authorised Version, 161 1; the Revised Version, 1881 ; and 
the Greek Text followed in the Revised Version. 8vo, I28. 6d. 

— Diatessaron ; sive Historia Jesu Christi ex ipsis Evan- 

gelistarum verbis apte dispositis confecta. Ed. J. White. 3^. 6d, 

— Outlines of Textual Criticism applied to the New 

Testament. By C. E. Hammond, M. A. Fifth Edition, Crown 8vo, 4*. 6<i. 

— A Greek Testament Primer. An Easy Grammar and 

Reading Book for the use of Students beginning Greek. By E. Milleb, 
M.A. Extra fcap. 8vo, 38. 6d. 

— Canon Muratorianus. Edited, with Notes and Facsimile, 

by S. P. Tregelles, LL.D. 4to, 108. 6d. 



HEBREW, &c. A Hebrew and English Lexicon of the 

Old Testament, with an Appendix containing the Biblical Aramaic, 
based on the Thesaurus and Lexicon of Gesenius, by Fbanois Bbown, 
D.D., S. R. Driver, D.D., and C. A. Bbiggs, D.D. Parts I— IV. 
Small 4to, each 28. 6d. 

Notes on the Hebrew Text of the Book of Genesis. By 

G. J. Spurrell, M.A. Crown 8vo, 10*. 6c?. 

Notes on the Hebrew Text of the Books of Samuel. 

By S. R. Driver, D.D. 8vo, 14*. 

« 

The Psalms in Hebrew without points. Stiff covers, a*. 



— A Commentary on the Book of Proverbs. Attributed 

to Abraham Ibn Ezra. Edited from a MS. in the Bodleian Library 
by S. R. Driver, D.D. Crown 8vo, paper covers, 3«. 6d, 

Oxford: Clarendon Press. 
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HEBBEW, &c. {continued), 

The Book of Tobit. A Chaldee Text, from a unique MS. 

in the Bodleian Library ; with other Rabbinical Texts, English Translations, 
and the Itala. Edited by Ad. Neubauer, M.A. Crown 8vo, 6«. 

Hebrew Accentuation of Psalms, Proverbs, and Job. 

By William Wickes, D.D. 8vo, 5*. 

Hebrew Prose Accentuation. By the same. 8vo, 10*. 6d. 



Horae Hebraicae et Talmudicae, a J. Lightfoot. A new 

Edition, by R. Gandell, M.A. 4 vols. 8vo, 1 1, is. 

liATIN. Libri Psalmorum Versio antiqua Latina, cum Para- 

phrasi Anglo-Saxonica. Edidit B. Thorpe, F.A.S. Svo, io«. 6d. 

Nouum Testamentum Domini Nostri lesu Christi Latine, 

secundum Editionem Sancti Hieronymi. Ad Codicum Manuscriptorum 
fidemrecensuitloHANNES Wordsworth, S.T.P., Episcopus Sarisburiensis ; 
in operis societatem adsumto Henrico Iuliano White, A.M. 4to. 

Fasc. I. Euangelium secundum Mattheum. 12s. 6d, 
Fa%c. II. Euangelium secundum Marcutn. 7*. 6d. 
Fase. III. Euangelium secundum Lucam. 12s. 6d. 
Fane. IV. EuangeHum secundum Johannem. 108. 6d. 

Old-Latin Biblical Texts : No. I. The Gospel ac- 
cording to St. Matthew, from the St. Germain MS. (gi). Edited by 
John Wordsworth, D.D. Small 4to, stiff covers, 6*. 

Old-Latin Biblical Texts : No. IL Portions of the 

Gospels according to St. Mark and St. Matthew, from the Bobbio MS. 
(k), &c. Edited by John Wordsworth, D.D., W. Sanday, M.A., D.D., 
and H. J. White, M.A. Small 4to, stiff covers, 218. 



Old-Latin Biblical Texts: No. IIL The Four Gospels, 

from the Munich MS. (q), now numbered Lat. 622^ in the Eoyal 
Library at Munich. With a Fragment from St. John in the Hof- 
Bibliothek at Vienna (Cod. Lat. 502). Edited, with the aid of 
Tischendorfs transcript (under the direction of the Bishop of Salisbury), 
by H. J. White, M.A. Small 4to, stiff covers, i2«. 6d. 

OLD-PBBNCH. Libri Psalmorum Versio antiqua Gallica e 

Cod. MS. in Bibl. Bodleiana adservato, una cum Versione Metrica aliis- 
que Monumentis pervetustis. Nunc prinium descripsit Pt edidit 
Franciscus Michel, Phil. Doc. Svo, lox. 6d. 



London : Hsmbt Frowds, Amen Comer, E.G. 
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B. FATHERS OF THE CHURCH, dc. 

St Athanasios: Orations a^inst tbe Arians. Wkh an 

Account of his Life by William Bright, D.D. Crown 8vo, 9«. 

' Historical Writino^s, according to the Benedictine 

Text. With an Introduction by W. Bright, D.D. Crown 8vo, io#. 6d. 

St. Angustine : Select Anti-Pelagian Treatises, and the Acts 

of the Second Council of Orange. With an Introduction by William 
Bright, D.D. Crown 8vo, 9«. 

St. Basil : The Book of St. Basil on the Holy Spirit. A 

Revised Text, with Notes and Introduction by C. F. H. Johnston, M. A. 
Crown Svo, 7«. 6d. 

Barnabas, The Editio Princeps of the Epistle of, by Arch- 
bishop Ussher, as printed at Oidbrd, A.D. 1642, and presenred in an 
imperfect form in the Bodleian Library. With a Dissertation by J. H. 
Backhouse, M.A. Small 4to, 38. 6d, 
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BuRD. With an IntrcKluction by Lord Acton. Svo, 14*. 

Macray (W. D.). Annals of the Bodleian Library, Oxford, 

with a Notice of the Earlier Library of the University. By W. Dunn 
Macrat, M. a., F.S.A. Second Edition^ enlarged and eontinued from 
186S to iSSo. Medium Svo, half-bound, 350. 

Ifagna Carta, a careful Reprint. Edited by W. Stubbs, D.D., 

Lord Bishop of Oxford. 4to, stitched, is. 

Metcalfe. Passio et Miracula Beati Olaui. Edited from a 

Twelfth-Century MS. by F. Metcalfe, M.A. Small 4to, 6s, 

OXFOBDy Uniyersity of. 

Oxford University Calendar for 1895. Crown Svo, 68, 

The Historical Register of the University of Oxford. 

Completed to the end of Trinity Term, iSSS. Part I. Crown Svo, 3«. 

Oxford HonourSy 1220-1894. Being an Alphabetical 

Register of Distinctions conferred by the University of Oxford from the 
Earliest Times. (Part II of The Historical Register,) Crown Svo, 
4«. 6d. 

Student's Handbook to the University and Colleges of 

Oxford. Twelfth JSdition. Crown Svo, 2g. 6d, 

The Examination Statutes ; together with the Ro<^u- 

lations of the Boards of Studies and Boards of Faculties for the Aoa* 
demical Year 1S94-95. Revised to June ao, 1894. Svo, paper covers, is. 
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OXFOBD, Uniyersity of {continued). 

Statuta Uniyersitatis OxoniensiB. 1 894. 8to, 5#. 
Statutes made for the Uniyersity of Oxford, and the 

Colleges therein, by the University of Oxford Commissioners. Svo, ia«. 6d. 
AUo separatdy — University Statutes, 2«.; College Statotes, is. ea^i. 

Supplementary Statutes made by the Uniyersity of 

Oxford, and by certain of the Colleges therein, in pursuance of the Uni- 
versities of Oxford and Cambridge Act, 1 877. 8vo, paper covers, 29. 6d. 

Statutes of the Uniyersity of Oxford, codified in the 

year 1656 under the Authority of Archbishop Laud, Chancellor of the 
University. Edited by the late John Griffiths, D.D. With an Intro- 
duction on the History of the Laudian Code by C. L. Shaowsll, M.A.y 
B.C.L. 4to, 1 1. IS. 

Enactments in Parliament, specially concerning the 

Universities of Oxford and Cambridge. Collected and arranged by 
J.Griffiths, D.D. 1869. Svo, i as. 

Catalogue of Oxford Graduates, 1659 to 1850. ys, 6fU 
Index to Wills proved in the Court of the Chancellor of 

the University of Oxford, &c. Compiled by J. Griffiths, D.D. 3s. M. 

Manuscript Materials relating to the History of Oxford ; 

contained in the Printed Catalogues of the Bodleian and College 
Libraries. By F. Madav, M.A. Svo, 7s. 6d. 

The Early Oxford Press. A Biblioorraphj of Printing' 

and Publishing at Oxrord, M 468*- 1640. With Notes, Appendices, and 
Illustrations. By Falconeb Madait, M.A. Svo, doth, 18*. 

Pattison. Essays by the late Mark Pattison, sometime 

Rector of Lincoln College. Collected and arranged by Henbt Nbttlx- 
SHIP, M.A. 2 vols. Svo, 24^. 

Life of Isaac Casaubon (1559-16 14). By the same 

Author. Second Edition, Svo, i6«. 

Payne. History of the New World called America. By 

E. J. Patnb, M.A. Vol. I, Svo, i8«. Vol. II. In the Press. 

Voyages of the Elizabethan Seamen to America. Edited 

by E. J. Payne, M.A. First Series. Hawkins. Fbobisher. Draks. 

Second Edition. Crown Svo, 5«. 

Prothero. Select Statutes and other Constitutional Docu- 
ments, illastrative of the Reigns of Elizabeth and James I. Edited by 
G. W. Prothero, Fellow of King's College, Cambridge. Crown Svo, 10s. 6d, 

Balegh. Sir Walter Ralegh. A Biography. By W. Stebbing, 

M.A. Svo, 10*. 6//. 
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Bamsay (Sir James H.). Lancaster and York. A Century 

of English History (a.d. 1399-1485). 2 vols. 8vo, il. 168. 

Index to the above. By Francis M arris Jackson, paper cover, is. td, 

Banke. A History of England, principally in the Seven- 
teenth Century. By L. von Banke. Translated under the superin- 
tendence of G. W. KiTCHiN, D.D., and C. W. Boask, M.A. 6 vols. 
8vo, il. 3«. 

Bawlinson. A Manual of Ancient Histoiy. By George 

BawlinsoNi M.A. Second Edition, Demy 8vo, 14^. 

Bh^s. Studies in the Arthurian Legend. By John Rnts, 

M.A., Professor of Celtic in the University of Oxford. Svo, 1 28. 6rf. 

Bioardo. Letters of David Ricardo to T. R. Malthus 

(1810-1823). Edited by James Bonar, M.A. 8vo, los. 6d. 

Bogers. History of Agriculture and Prices in England, 
A.D. 1 359-1 793. By James E. Thorold Bogers, M.A. 
Vols. I and II (i 259-1 400). Svo, 2I. 28. 
Vols. Ill and IV (1401-1582). Svo, 2I. 108. 
Vols. V and VI (15S3-1702). Svo, 2L io«. 
Vols. VII and VIII. In the Press, 

First Nine Years of the Bank of England. Svo, 8*. 6d. 

Protests of the Lords, including those which have been 

expunged, from 1624 to 1874; with Historical Introductions. In three 
volumes. 8vo, 2I. 2s. 

Selden. The Table Talk of John Selden. Edited, with an 

Introduction and Notes, by Samuel Harvbt Betnolds, M.A. Svo, 
half- roan, 8^. 6d. 

Smith's Wealth of Nations. A new Edition, with Notes, 
by .) . £. Thorold Rogers, M.A. a vols. 8vo, 21s. 

Sprigg's England's Recovery ; being the History of the Army 

under Sir Thomas Fairfax. 8vo, 6«. 

BULEBS OP INDIA : The History of the Indian Empire 

in a carefully planned succesHion of Political Biographies. Edited by Sir 
William Wilson Hunter, K.C.S.I. In crown 8vo. Half-crown volumes. 

Akbar. By Colonel Malleson, C.S.I. 

Albuquerque. By H. Morse Stephens. 

Aurangzib. By Stanley Lane-Poole, B.A. 

Mddhava Bdo Sindhia. By H. G. Keene, M.A., CLE. 

Lord Clive. By Colonel Malleson, C.S.L 

Dupleiz. By Colonel Malleson, C.S.I. 
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BUliEBS OF INDIA (continued). 

Warren Hastings. By Captain L. J. Tbotteb. 

The Marquess of Comwallis. By W. S. ^^ietok-Kabb. 

Haidar Ali and Tipii Snltdn. By L. B. Bowbihg, C.S.L 

The Marquess Wellesley, K.G. By W. H. Huttok, MA. 

Marquess of Hastings. By Major Eoss-of-Bladensbusg, 
C.B. 

Mountstuart Elphinstone. By J. S. Cotton, M.A. 

Sir Thomas Munro. By John Bradshaw, M.A., LL.D. 

Earl Amherst. By Anne Thackeray Bitchie and 
RiCHABDSON Evans. ^ 

Iiord William Bentinck. By Demetbius C. Boulgeb. 
The Earl of Auckland. By Captain L. J. Tbotter. 
Viscount Hardinge. By his son, Viscount Habdinge. 
Banjit Singh. By Sir Lepel Griffin, K.C.S.I. 
The Marquess of Dalhousie. By Sir W. W. Hunter. 
John Bussell Colvin. By Sir Auckland Colvin, K.C.S.1, &c. 
Clyde and Strathnaim. By Major-General Sir Owen 

TUDOU BURNE, K.C.S.I. 

Earl Canning. By Sir H. S. Cunningham, K.C.I.E. 
Iiord Lawrence. By Sir C. Aitchison, K.C.S.L, LL.D. 
The Earl of Mayo. By Sir W. W. Hunter, K.CS.L 



SUPPLEMENTARY VOLUMES. 

A Brief History of the Indian Peoples. By Sir 

W, W. Hunter, K.C.S.I. Eightieth Thousand, Crown 8vo, 3*. 6d. 
James Thomason. By Sir Richard Temple, Bart. 35. 6d, 



Stephens. The Principal Speeches of the Statesmen and 

Orators of the French Revolution, 1 789-1 795. With Introductions, 
Notes, &c. By H. M0B8E Stephens. 2 vols. Crown Svo, 21*. 

Stnbbs. Select Charters and other Illustrations of English 

Constitutional History, from the Earliest Times to the Reign of Edward I. 
Arranged and edited by W. Stubbs, D.D., Lord Bishop of Oxford. 
Seventh Edition, Crown Svo, 8«. 6d. 

The Constitutional History of England, in its Origin 

and Development. Lihrary Edition, ' 3 vols. Demy Svo, 2I, S«. 
Also in 3 vols, crown Svo, price 1 28, each. 

Seventeen Lectures on the Study of Mediaeval and 



Modern History. Second Edition. Crown Svo, 8*. 6d. 



Oxford: Clarendon Press. 
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Swift (p. D.). The Life and Times of James the First of 
Aragon. By F. Daewin Swift, B.A. 8vo, i2«. 6d. 

Tozer. The^ Islands of the Aegean. By H. Fanshawb 

TozEB, M.A., F.R.G.S. Crown 8vo, 8«. 6rf. 

Vinogradoff. Villainage in England. Essays in English 

Mediaeval History. £y Paul Vinogradoff, Professor in the University 
of Moscow. Svo, half-bound, i6«. 

Wellesley. A Selection from the Despatches^ Treaties^ and 

other Papers of the Mabquess Wblleslbt, K.G., daring his Government 
of India. Edited by S. J. Owen, M.A. Svo, \L ^s, 

Wellington. A Selection from the Despatches, Treaties, and 

other Papers relating to India of Field-Marshal the Duke of Welling- 
ton, K.G. Edited by S. J. Owen, M.A. Svo, il. 4*. 

Whitelook's Memorials of English Afi&irs from 1625 to t66o. 

4 vols. Svo, 1I.109, 

Cannan. Elementaiy Political Economy. By Edwin Cannan, 

M.A. Extra fcap. Svo, stiff covers, is. 

Baleigh. Elementary Politics. By Thomas Raleigh, M.A. 

Sixth Edition. Extra fcap. Svo, stiff covers, is, 

IV. LAW. 

Anson. Principles of the English Law of Contract, and of 

Agency in its Relation to Contract. By SiB W. R. Anson, D.CL. 
Seventh Edition, Svo, 10a, 6d, 

Law and Custom of the Constitution. In two Parts. 

Part I. Parliament. Second Edition, Svo, 1 2s, 6d. 
Part II. The Crown. Svo, 14^. 

Baden-Powell. Land-Systems of British India; being a 

Manual of the Land-Tenures, and of the Systems of lAnd-Revenue 
Administration prevalent in the several Provinces. By B. H. Baden- 
Powell, C.I.E., F.R.S.E., M.R.A.S. 3 vols. Svo, with Maps, 3Z. 3#. 

Land-Revenue and Tenure in British India. By the 

same Author. With Map. Crown Svo, 50. 

Bentham. An Introduction to the Principles of Morals and 

Legislation. By Jebbmt Bentham. Crown Svo, 6s, 6d, 

Digby. An Introduction to the History of the Law of Real 

Property. By Kenelm E. Diobt, M.A. Fourth Edition, Svo, 12s. 6d, 

Greenidge. Infami<n; its place in Romnn Public and Private 

Law. By A. H. J. Gebbnidok, M.A. Svo, los, 6d, 
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Grueber. Lex Aquilia. The Roman Law of Damage to Pro* 

perty : being a Commentary on the Title of the Digest ' Ad L^em 
Aquiliam ' (ix. a). With an Introduction to the Study of the Corpna luris 
Ciyilis. By Ebwin Grueber, Dr. Jur., M«A. 8yo, \09}^d. 

Hall. International Law. By W. E. Hall, M.A. Third 

Sdition. 8yo, 23«. 6d, 

A Treatise on the Foreign Powers and Jurisdiction of the 

British Crown. By the same Author. 8vo, lo^. 6d, 

Holland. Elements of Jurisprudence. By T. E. Holland, 

D.C.L. Seventh Edition, Svo, icx. 6d. 

The European Concert in the Eastern Question, a Col- 
lection of Treaties and other Public Acts. Edited, with Introductions 
and Notes, by T. E. Holland, D.C.L. Svo, ia«. 6d. 

Gentilis, Alberici, I.C.D., I.C.P.R., de lure Belli Libri 

Tres. Edidit T. E. Holland, I.C.D. Small 4to, half-morocco, 21s. 

The Institutes of Justinian, edited as a recension of 

the Institutes of Gaius, by T. E. Holland, D.C.L. Second Edition, 
Extra fcap. 8yo, 5«. 

Holland and Shadwell. Select Titles from the Digest of 

Justinian. By T. E. Holland, D.C.L., and C. L. Shadwell, B.C.L. 
Svo, 144. 

Also sold in Parts, in paper covers, as follows : — 

Part I. Introductory Titles. 28. 6d. 

Part n. Family Law. is. 

Part m. Property Law. 2s. 6d. 

Part IV. Law of Obligations (No. i). 3*. 6d. 

Part lY. Law of Obligations (No. a). 44. 6d. 

Markby. Elements of Law considered with reference to 

Principles of General Jurisprud«ice. By Sir William Mabkbt, D.CL. 
Fourth Edition. Svo, 128. 6d. 

Moyle. Imperatoris lustiniani Institutionum Libri Quat- 

tuor ; with Introductions, Commentary, Excursus, and Translation. By 
J. B. MoTLE, D.CL. Second Edition. 2 vols. Svo, 22s. 

Contract of Sale in the Civil Law. By J. B. Moyle, 

D.CL. Svo, 10*. 6d. 

Pollock and Wright. An Essay on Possession in the Common 

Law. By Sir F. Pollock, M.A., and Sir R. S. Wright, B.CL. Svo, 
8*. 6d. 

Poste. Graii Institutionum Juris CivilisCommentarii Quattuor ; 

or. Elements of Roman Law by Gains. With a Translation and Commen- 
tary by Edward Posts, M.A. Third Edition. Svo, iS«. 



Oxford : Clarend<m Press. 
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Baleigh. An Outline of the Law of Property. By Thomas 

Ralbioh, M.A. 8vo, cloth, 7«. 6d. 

Sohm. Institutes of Roman Law. By Rudolph Sohm, 

Professor in the University of Leipzig. Transited (from the Fourth 
Edition of the German) by J. C. Lbdlie» B.C.L., M.A. With an Intro- 
ductory Essay by Ebwin Gbuebeb, Dr. Jur., M.A. 8vo, i8*. 

Stokes. Anglo-Indian Codes. By Whitley Stokes, LL.D. 

VoL I. Substantive Law. Svo, 30*. Vol. II. Adjective Law. 8vo, 35*. 

First Supplement to the above, 1887, 1888. 28. 6d, 

Second Supplement, to May 31, 1891. 4*. 6d. 

First and Second Supplements in one volume, price 6s. 6d. 

Twiss. The Law of Nations considered as Independent 

Political Communities. By Sib Tbavebs Twiss, D.C.L. 

Part I. On the rights and Duties of Nations in time of 
Peace. New Edition, Revised and Enlarged. Svo, i5«. 

V. PHILOSOPHY, LOGIC, &c. 

Baoon. Novum Organum . Edited, with Introduction, Notes, 

&c., by T. Fowler, D.D. Second Edition, Svo, 15*. 

Novum Organum. Edited, with English Notes, by 

G. W. KiTCHiN, D.D. Svo, 9*. 6d. 

The Essays. Edited, with Introduction and Illustra- 



tive Notes, by S. H. Bbtnolds, M.A. Demy Svo, half-bound, i a«. 6d. 

Berkeley. The works of George Berkeley, D.D., formerly 

Bishop of Cloyne ; including many of his writings hitherto unpublished. 
With Prefaces, Annotations, and an Account of his Life and Philosophy, 
by A. Campbell Fbaseb, Hon. D.C.L. and LL.D. 4 vols. Svo, 2I, i8«. 

The Lifgy Letters f 4*0., separately , i6«. 

Berkeley. Selections. With Introduction and Notes. For the 

use of Students in the Universities. By the same Editor. JFourth Edition. 
Crown Svo, 8*. 6d. 

Bosanquet. Logic ; or. The Morphology of Knowledge. By 

B. Bosanqubt, M.A. Svo, ai«. 

Butler's Works, with Index to the Analogy. 2 vols. Svo, us. 
Fowler. The Elements of Deductive Logic, designed mainly 

for the use of Junior Students in the Universities. By T. Fowlbb, 
D.D. Ninth Edition, with a Collection of Examples. Extra fcap. Svo, 
3*. 6d, 
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Fowler. The Elements of Inductive Logic, designed mainly for 

the uBe of Students in the Uniyeraities. Sixth Edition. Extra fcap. 
Svo, 6«. 

Fowler and Wilson. The Principles of Morals. By T. 
Fowler, D.D., and J. M. Wilson, B.D. Svo, 14*. 

Also, separately, 

Part I. Introductory Chapters. By T. Fowleb, D.D., and J. M. 
Wilson, B.D. Svo, 3*. 6rf. 

Part II. The Principles of Morals. By T. Fowleb, D.D. Svo, io». 6rf. 

Green. Prolegomena to Ethics. By T. H. Green, M.A. 

Edited by A. C. Bbadlet, M.A. Third Edition. Svo, \2s, 6d, 

Hegel. The Logic of Hegel ; translated from the Encyclo- 
paedia of the Philosophical Sciences. With Prolegomena to the Study 
of Hegel's Logic and Philosophy. By William Wallace, M.A., LL.D. 
Second Ediiion, Revised and Augmented, 2 vols. Crown Svo, loa. 6d, each. 

Hegel's Philosophy of Mind. Translated from the Encyclo- 
paedia of the Philosophical Sciences. With Five Introductory Essays. By 
William Wallace, M.A., LL.D. Crown Svo, 10*. 6d. 

Hume's Treatise of Human Nature. Reprinted from the 

Original Edition in Three Volumes, and Edited by L. A. Selbt-Bigoe, 
M.A. Crown Svo, 9*. 

Enquiry concerning the Human Understanding, and 

an Enquiry concerning the Principles of Morals. Edited by L. A. Selbt- 
BlQOE, M.A. Crown Svo, 7«. 6d. 

Locke. An Essay concerning Human Understanding. By 

John Looks. Collated and Annotated with Prolegomena, Biographical, 
Critical, and Historical, by A. Campbell Fraser, Hon. D.C.L. and LL.D. 

2 vols. Svo, 1 1. 128, 

Locke's Conduct of the Understanding. Edited by T. Fowler, 

D.D. Third Edition, Extra fcap. Svo, 2s. 6d, 

Lotze's Logic, in Three Books ; of Thought, of Investigation, 

and of Knowledge. English Translation ; Edited by B. Bosanqubt, M.A. 
Second Edition. 2 vols. Crown Svo, 12s. 

Metaphysic, in Three Books ; Ontology, Cosmology, and 

Psychology. English Translation; Edited by B. Bosanquet, M.A. 
Second Edition. 2 vols. Crown Svo, 12s. 

Martineau. Types of Ethical Theory. By James Martineau , 

D.D. Third Edition. 2 vols. Crown Svo, 15*. 

A Study of '. iligion : its Sources and Contents. Second 

Edition. 2 vols. '" Svo, I5«. 
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VI. PHYSICAL SCIENCE AND 
MATHEMATICS, &c. 

Aoland. Synopsis of the Pathological Series in the Oxford 

Museum. , By Sir H. W. Acland, M.D., F.R.S. 8vo, 3*. 6rf. 

Adler. Alternating Generations ; a Biological Study of Oak 

Galls and Gall Flies. By Hermann Adleb, M.D. Translated and 
Edited by C. R. Stbaton, F.R.C.S. Ed., F.E.S. With coloured Illustra- 
tions of forty-two Species. Crown 8vo, cloth extra, los. 6d. net, 

Aldis. A Text-Book of Algebra: with Answers to the 

Examples. By W. S. Aldis, M.A. Grown 8vo, *js, 6d, 

Aplin. The Birds of Oxfordshire. By O. V. Aplin. 8vo. 

with a Map and one coloured Plate, io«. 6d, 

Arohimedis quae supersunt omnia cum Eutoeii commentariis 

ex recensione J. Tobelli, cum nova versione latina. 179a. Fol. il, 5«. 

Baynes. Lessons on Thermodynamics. By R. E. Baykes, 

M.A. Crown 8vo, 7*. 6d, 

Beddard (F. E.). A Monograph, Structural and Systematic, 

of the Order Oligochaeta. By Fbank Evebs Beddard, M.A., F.R.S. 
4to, toUh Plates and Ulustrationa, 

BIOLOGICAL SERIES. (Translations of Foreign Memoirs.^ 

I. Memoirs on the Physiology of Nerve, of Muscle, ana 

of the Electrical Organ. Edited by J. Burdon-S Anderson, M.D., 
F.R.SS.L. & E. Medium Svo, i^. i«. 

II. The Anatomy of the Frog. By Dr. Alexander 

EoKER, Professor in the University of Freiburg^* Translated, with 
numerous Annotations and Additions, by Gborob Haslam, M.D. 
Medium 8vo, 2i«. 

IV. Essays upon Heredity and kindred Biological Pro- 
blems. By Dr. August Weismann. Authorised Translation. Edited 
by Edward B. Poulton, M.A., F.R.S., Selmar Sohonland, Ph.D., 
and Arthur E. Shipley, M.A., F.L.S. Demy 8vo, 160. 
Also in Grown 8to : 

Vol. I. Second Edition, 7«. 6d, 

Vol. II. Edited by E. B. Poulton and A. E. Shiflit. 5«. 

BOTANICAL SEBIES. 

History of Botany (1530-1860). By Julius von Sachs. 

Authorised Translation, by H. E. F. Garnset, M.A. Revised by 
Isaac Batlit Balfour, M.A., M.D., F.R.S. Crown Svo, lof. 

Comparative Anatomy of the Vegetative Organs of the 

Phanerogams and Ferns. By Dr. A. de Bart. Translated and 
Annotated by F. O. Bower, M.A., F.L.8., and D. H. Soott, M.A., 
Ph.D., F.L.S. Royal 8vo, half-morocco, i^. 2s, 6d. 
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BOTANICAL SEBIES {continued). 

Outlines of Classification and Special Morphology of 

Plants. By Br. K. GtOEBBL. Translated by H. E. F. GABNSSTy 
M.A.I and Revised by Isaac Batlbt Balfour, M.A.,M.D.,F.R.S. 
Royal 8yo, half-morocco, iL is. 

Lectures on the Physiology of Plants. By Julius von 

Sachs. Translated by H. Marshall Ward, M.A., F.L.S. Royal 
Svo, half-morocco, i^. lis, 6d. 

Comparative Morphology and Biology of Fungi, Myce- 

tozoa and Bacteria. By Br. A. de Bart. Translated by H. £. F. 
Gabnsbt, M.A., Revised by Isaac Batlet Balfour, M.A., M.D., 
F.R.S. Royal 8vo, half-morocco, i^ 2s. 6d. 

Lectures on Bacteria. By Dr. A. de Bary. Seccmd 

Improved Sdition. Translated by H. £. F. Garnset, M.A. Revised 
by Isaac Batlet Balfour, M.A., M.B., F.RS. Crown Svo, 6*. 

Introduction to Fossil Botany. By Count H. zu Solms- 

Laubach. Translated by H. £. F. Garnset, M.A. Revised by Isaac 
Batlet Balfour, M.A., M.D., F.R.S. Royal Svo, half-morocco, i8#. 

Index Kewensis ; an enumeration of the Genera and Species 

of Flowering Plants from the time of Linnaeus to the year 1885 indasive. 
Edited by Sir J. B. Hooker and B. B. Jackson. Parts I and II. 4to. 
Price to Subscribers, 2I. 28, each net, 

%* The Work will be completed in Four Parts^ to he issued to 
Subscribers at Eight Guineas net. 

Annals of Botany. Edited by Isaa.c Bayley Balfour, M.A., 

M.B., F.R.S.,Stdnet H. Vines, B.Sc, F.R.S., B. H. Scott, M.A., Ph.B., 
F.L.S., and W. G. Farlow, M.B. ; assisted by other Botanists. Royal 
Svo, half-morocco, gilt top. 
Vol. I. Parts I-IV. il, 16s. Vol. II. Parts V-VIII. 2I, 28, 

Vol. III. Parts IX-XII. 2I, 12s. 6d, Vol. IV. Parts XIII-XVI. 2^. 58. 
Vol. V. Parts XVII-XX. 2I. 10s. Vol. VL Parts XXI-XXIV. 21,4s. 
Vol. VII. Parts XXV-XXVIII. 12s. each. 
Vol. VIIL Parts XXIX-XXXIL i a*, each. 

Reprints from the ^Annals of Botany J 

A Summary of the New Ferns which have been Discovered 

or Bescribed since 1874. A Supplement to the Synopsis Filicum, bringing 
that work up to 1890. By J. G. Baker, F.R.S. Royal Svo, with one 
Plate, price 5^. net. 

A Revised List of the British Marine Algae. With an 
Appendix, by E. M. Holmes, F.L.S., and E. A. L. Batters, B.A., LL.B., 
F,L.S. Royal 8vo, paper covers, price 2*. 6d, net. 

A Synopsis of the Genera and Species of the Museae. By 

J. G. Baker, F.F.S. Royal Svo, paper covers, is, 6d, 
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Bradley's Miscellaneous Works and Correspondence. With 

an Account of Harriot's Astronomical Papers. 4to, I7«. 

Chambers. A Handbook of Descriptive Astronomy. By 

G. F. Ghambbbs, F.K.A.S. Fourth Sdition, 

Vol. I. The Sun, Planets, and Gomets. 8yo, 21s. 

Vol. II. Instruments and Practical Astronomy. 8vo, 2I8, 

Vol. III. The Starry Heavens. 8vo, 14*. 

Clarke. Geodesy. By Col. A. R. Clarke, C.B., R.E. 8vo, 

1 2s, 6d. 

Cremona. Elements of Projective Geometry. By LuiGi Cre- 
mona. Translated by G.Leude8D0BF,M.A. Second Edition, 8vo, I3«.6<2. 
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